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1.0 Introduction

‘1’hc practice of limiting the shaker  force in vibration ksts was instigated at the NASA Jet
}’ropLllsion  1.abora(ory  (J I’1,) in 1990 afkr the mechanical failure of an acmspacc  component
during  a vibration test. Now force limiting is used in almost  every  maim  vibration test at J})l.
ancl in many vitmition  tests at NASA Goddard Space l:light Center  (Ci SI;C) and at many
aerospace contractms.  “J’hc basic ideas bchid force limiting have been in the litcratLwc for
scve.r~tl decades, but the piey,c-clcdric  force transduccjx  ncccssary  to conveniently implement
force limiting have been available only in the last decade. In 1993, fLmding was obtaincct  from
the NASA hcack]Luirtcrs  Office of Chief I inginccr  to develop and document the technology
needed  to establish force  limited vibration testing as a standard approach available to all NASA
ccntcrs  and acmspacc  cent ractors.  ‘1’his monogq  )11 is the final  rcpml  on that effort  aTIci
discusses the history, ttlcory,  and  applications of the method  in some detail. “Jo facilitate the
applic:ition of the mcthocl,  a more concise description of the key aspects of the approach is
presented in a coltl]>lc[llc~~t;ily  guidelines document, which is available separately and is also
contained herein as Appendix C.
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2.0 History

Many pioncm of acrospacc  mccbanim,  as car] y as tbc 1950”s, rccognid  that ignoring
the low mccbanical  impedance of lightwci[:h( moLlnting  strLIctLacs,  would  lead to
unrca]istica]]y  severe  vibl’slim tests of aerospace cquipmmt.  l]nfor(Lmatcly, tbcir
warnings were  not hccdcd  until rcccn(]y, prinm’i]y bccaLlsc’  the tools WCIC  not avai]ab]c
to conveniently simulate mechanical impc~iance  in vibration tests. Also, mm realistic
vibration tests arc csscnti:tl in today’s Listcl-t>c((cl-cllc:i]lcr  cnvircmmcnt,  wbicb  is
incompatible with the tl aditional approacks  of high design margins ml extensive
(] C\’C]OJ)tllCtlt:il  testing.

Some key background  rcfcrcnces  and their contribLltiom to the force limited vibratim
tccbnology  described in this monograph arc sLlmtnariz,ed  in cbmmlogical  order  in this
scc[iorl.  rl’tlcsc:lrlct  ol}lcrs ll]l~lorlitlgl  cfclctlccsilrc  incl Ldcd in tllct~iblioglil]>llyof
Appendix B.

Blake  1956 [ 1 ] describes tbc problem of ovcrtcsting  at resonances of tbc test item
wbicb  results from tbc stand:itd practice of mvcloping  the pc:tks  in the flcld accclcrii(ion
spectral data, for botb  vibration and shock tests. 1 IC proposed a complex, conceptual
solution in which the impedance of the mounting  structure would be simLlltancously
lllCaSLllCd wittl  a small shaker and emulated by ttlc test shaker.

Morrow’ 1960 [2] warns against ignorinf,  itmunting  strLlctL1rc  impedance in bot}l
vibration and shock tests and points out that impedance concepts familiar to electrical
engineers are largely unknown to mechanical engineers. 1 Ic dcscribcs  exact impedance
simulation Llsing force transducers between the shaker  ad test item, bLtt  points oLlt the
clifficultics  in simulating impedance exactly, phase inclwic(i. (It is still ilnpractical  to
specify and control  the Sh:IkCI- illlpcd;ttlcc  cxaclly.  )

Salter 1964 [3] calls  for two test ill~]>lc)~cl~~cllts  to alleviate overtcstillg:  1 ) mLllti-point
control to rcdLlcc tbc impact of fixture resonances ad 2) force limiting to account for
the vibration absmbcr effect at test item rt’sonanccs.  1 IC proposes a ve]y simple method
of computing the force limit, i.e. the force is limited to 1.5 times the mass times the
peak  accclcration,  i.e. the accc.lcraticm spccificaticm. I lis approach, in colljLlnction with
a review  of the force data obt:tincd in tbc system iicoustic tests of the Gssini spacecraft,
provides tbc impctLls  for what in this monograph is called (he semi-empirical method of
predicting force limits.

I&itz 1966 [4] who was tbc chief ctlginec]  for MB electronics, designs and tests a
new shaker  cqLmli7cr  which uscs force fcuiback to simulate tbc mccbanical  impedance
of the cc] Llipment  mounting structure  (foLlndation).  ‘J’hc last sentence of his paper, “(Jsc
of the ncw cclLuilizcr,  thercfcm,  can make a dramatic improvement in libratim
sitnL[la[ion,  an[i would  seem (0 bc the harbinger of a significant advance  in tbc state of
tbc art of vibration testing,” looks forward to what is just  now becoming a reality.

lieinricks  1967 [5] and McCaa and Matrullo 1967 [6] in complementary papers
describe an analysis and test, respectively, of a lifting body rc-cntty  vehicle Llsing force
limiting to notch a randon~ vibration accclcratioll  spcctrLml.  A ccm]plc[c  nmlal model
incl Lding the effective mass concepts discmsscd  herein, arc developed in the awilysis.
‘1’hc analysis also includes a comprehensive finite clement model (IiIiM) simLllation  of
the force limited vibration test, in which the test inpLll  forces are limikd to tbc strLlctLml
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limit-  load cri(cria. A vibration test of a scale I]]OCICI  vchiclc is condLKtd  ll~ing sit~gle-
axis i[ll])c(l:]llcc-llc:l(l  force transducers (0 mca\LItc the total  force inp Ll[, and tbc
notching is implcmcmted matlually  based on lorcc data from low level tcs[s.

Painter 1967 [7] conduds  an cxpcrimcntal  invcs[iga(ion  of tbc sinusoidal ~’ibra(ion
testing of aircraft compol)cnts  using both f{)lcc and accclcmlioll  spccitica(iolls,  ‘1’hc
intdacc  forms  and accelerations bctwcell  si[llula(cd  cqLlipmcnt and all aiwrafl  luselagc
WC1’C lllCWLllCd :111(1  Cll VCk)])Cd,  :Illd thCSC  CIl\rLs]ol)CS  :11’c’  llSCd to COI1(l’0] SbdiCI”

sinusoidal vibration tests of tbc cqLlipmcnt.  II is lound  that tbc proculurc  lal gcly
clilllirl:itc(l  tllclligll  lc\'cls  () f()\]cl(cs(illgi  lltl()(lllcc(lt3  yttlcc( )1l\,c[lti()tl:ll  alymmcb.

0’llara 1967[8];ill(iI/tllJill  1967 [9] itlt\\()c  ()Ill])lcIllcI)  t:ity])  :ll)cIs,[l: lllsl:ltc:itl(l
cxtcll(l  tllcclcc[ricill  cllgi]lccli[lg illllJc(l;lllccLotlcc]][s  itlt(~[llcc}l:lllic~ll  c[lg,i[lcclirlgtcr[lls.
C1’ll:ili\l}oilltsoLlt  ;lllilllllol(:i[  lt(listi  IlctiotltJ  ct\\rccll illll>c(l:i[lcc,  ttlclilti[~o  ffolccto;~l~”
applied velocity, and mobility, tbc ratio ofvclocity  to an applied force. It] the
mcasurcnlcnt  ofilllpCdilllCC,  loIllll[ltil)lc(ili\’c  points or(icgrcesof  frcc(iom,  the motion
for cacb (icgrcc of frcc(ionl otbcr  than th(’ OIIC of interest must bc blocke(i, i.e.
constrained to l]avc zero  moliol), which is (iifllcLll(  to rcaliyc cxl>clilllcllt:illy.  ‘1’hc
mobility concci)t, on tile otbcr  ban(i,  rquircs simi>ly tilat the force at other cicgrecs  of
frcc(iom be zero,  i.e. free boun(iary  con[ii(ions.  ‘1’hc impc(iance  an(i mobility matrices
are reciprocals. 1!1 tbc simple case wbcrc  tile inli>c(iancc  II]atrice  is [iiagonal (i.e. ti]c
ratios of tbc force to tbc moliou  for ciiffcrcnt  (icgrccs of frce(ioln are zero),  tilis
(iistinctim  (iocs not exist, an(i tbc impc(iance  matrix  components are simi~iy  the
reciprocal Of the corrcspcmiing  mobiiity  matrix compmcnt  an(i cquai to Jvhat  O’} Iara
tails l>sctlcio-illl]>c(i;il~cc.  (In this monograi>b,  an impcciancc-iike  quantity, tbc apparent
mass, i.e. tbc ratio of force to applic(i acccicra(ion,  is most often cmploycxi  ami to avoi(i
complications, which are consi(icrable,  tbc of ’f-diagmal  terms of tbc impc(iance  matrix
are typicaliy  ncgicctcd.  ) RLlbin  (icvclopc(i tr:ltlsll]i  ssiol]-llliitiix  concepts, which arc very
uscfLli  for coupling systelns  togctilcr  an(i fm atwlyz,in.g  vibration isolation.

Murfin 1968 [ lo] (icvc]ops  (be concci~t  of (iLlai control, tile first of several al Sandia
Natiomil 1.abmttorics  to contribute to the tccbmlogy  of force limiting, which is one of
the ky clcmcnts  of tbc force limiting ai~proaci]  (icscribc(i  in tilis monograi>b.  1 lC
proposes tbal a force spccificatim bc (icvcloi~c{i  ami api>lic~i  in a manner  comi>lctc]y
anaiogous  to tbc acceleration specification. ‘1’i]c  force si>ccification  is to bc tbc smootbc(i
envelope of the force peaks  in the coui~lc(i  system rcsimnsc,  i.e. tile  ficlci environment,
Recognizing tbitt  sllcb ficlci force  (iiltil arc not rca(ii]y  avaiiab]c,  hc proposes a mctbmi of
(icrivitlg  tbc forces from tbc prmiuct  of tile acceleration spccificaticm ami (be smoothc(i
aJymcnt  mass of tbc test item. 1 lc ignores tbc mmnting  strLwtLlrc impc(iance.  ‘1’his
appmacb  is very similar to that use(i in ti~c scl~]i-ci~~i~ilic:~i  mcttmi (icscribtxi  in this
monograph. ]n tbc dLlal control concci~t, tbc vibration contmlicr (iocs not give
prcfcrcntiat  treatment to citbcr  tbc acccicration  or tile force specification. ‘1’ilc  force an(i
acceleration control signais  arc analyz,c(i  in narrow  bamis, and in caci] ban(i the SlmkCI-
(irive  signai is a(ij  LlstcCi  untii  one or the otbcr  of tile specifications is attainc(i, ‘1’his
typicaily  results in acceleration controi  off resonances ami force control, an~i
acceleration notcbcs,  at tbc resonances. h4any ol(icr  vibration test controllers bavc an
cxtrcmai  or peak control ]nmic  in which tbc iargcst of scvcrai  control signals are
CO1)lJXWC(i  to tbC :tCCC]C[atiOll  S]) CCifiCatiOIl,  bllt (io IIot :Iih’ SC]MtdC  lCfCICIICC
specifications for acceleration anti force or rt~sponse.  ‘1’0 usc tbcsc ol~icr ccmtmllcrs for
dust control, it is necessary to use a shaping filter to con(iition  tbc force or response
control signai. Most newer vibration test con[rollcrs  have tile  capabiii(y  to inlplcmcnt
Murfin’s  dLud control  concept, with some minor  variations from vcmicr  to vcncicr, wi(b
tbcir  rcspmse  limiting feature.

2-2



Scharton 1969 [ 1 1 ] dcvc]ops  special, multi-modal, vibration (CS[ fixt Llrcs which bacl
enhanced modal densities and low r’igiditics,  to nwchanically  simulate the inlpcclancc  Of
l:ilge  flight m o u n t i n g  strL]clurcs.

Witte 1970  [ i 2] pmposcs  a method of controlling the product of the force :ind
acceleration which is applicable when no information is available cm cithct  the test item
m the mounting structarc  mechanical impcdancc.

Witte and Roclman  1970 [ 13] and Iluntcr and Otts 1972 [ 14] continLlc  to

pursue the calculation of the force  specification by n~ultiplyi[lg  the accclcl-ation
specification tinlcs the smoothed apparmt Inass of Ihc test item; ]ikc Mulfin  and their’
CC)] ICZ%LICS  at Sandia,  they ignore the moLm(ing  StlLICtLll’C impedance. They LISC simple
parametric n~odels to interpret field data and to stLldy  the dynamic absorber effect of the
paylcxid at resonance, and they develop special methods of smoothing the test item
apparent mass,

W’ada, l?amfod,  and Garba  1972 [ 15] develop a tcchniqLlc  for obt;iining  an
equivalent single-dcgrcc-of-freedom system (S1ll;S) for each cigcn-vcctm  when the
dynamic characteristics of the structure arc available  in the form of a finite clement
model  (l:[{M)  or as test data. l’hc nmsscs  of tkse  S1)l;S’s are called  the “cflcctivc
mass” which miy be defined as the mass terms in a moclal  expansion of the drive point
a]>pWCIlt  11121SS  O f  a kiIlCll121tiCal]y  SLlp[XWtCd SyStCItl. ‘]’hC CffCCti  VC lIlaSSCS :11’C

inclcpcndent  of the modal ]lo1111:lli7,:itioIl,  and the SLIm of the effective masses of all
modes is equal  to the total mass. A cc~ll~~~lclllc~~t:iry  (ctm is the rcsidLlal  mass, which is
defined as the difference between the total mass and the effective masses of all the
mocks with natLml frcqLlcncics  lower  than the frcq Lmlcy  of interest. It is a conscqLlcncc
of its definition that the rcsid Ld mass must be a dccrusing  fLmction  of fIeqLIcncy
(I;ostcr’s  Theorem). ‘1’hc  effective mass is very imporlant  concept, bccaLIse  it pmviclcs a
way tO [] Llalltify,  flC)lll  ClthCl  I;IiM’s  01 tCSt data, thC mass C)f a StI”LICtLllC as a fLlnCtiOn Of
frqLleI)cy.  ‘1’hc  cffcctivc  mws and Icsidu:ll  n)ms are LIscd in this monograph to
charactcri7.c  ttlc  mechanical i mpcdancc  of bot tl the mount irlg St lLICt LII’C  (the SOLIICC)  aIICi
the test item (the lo:id).

N’lartini 1983 [ 16] describes the advent of the piczo-c]cctric,  qLmtz,  nlLllti-
componcnt  force transducer, which is certainly the most important cn:it)ling  factor  in
making force limited vibr-aticm  testing a reality. ‘lihc development of quartz  mLdti-
componcnt  force transducers stailed  in 1965 with a Swiss govcmmcnt  pmjcct  to
provide a very stiff sensor  to measure cLltting  forces on machine tools, continued in the
seventies with tl~c development of biomedical applications, ancl finally came  into its
own in the early 80’s when the aLltonmtivc  indLwtry bcg:tn Llsing six component
dynanmmctcts  for measuring tire Iind wheel loads. Picm-electric, quarly,  transducers
offer the following crLlcial  adv~intages  over strain transdLtccrs,  which have traditionally
been used to nlcasLa’c  force: 1. cxtrcmc  rigidity and thcrcfmc  high resonance frcclLlcncy,
2. wide dynamic rarlgc - 1 0 4 ,  3. large sll:irl-to-ttlrcsllol(l  v a l u e  - 1 0 6 ,  4. natLlral
rcsol Llticm into orthogonal components, 4. compactness, 5. wide tenlpcr:itLlrc  range  -
200~  to +20()~,  6. low cress-talk, and 7. direct  nlcasLlrcnlcnt of total force,  rather than
strain. As seen fmln  the previous rcfcmnccs,  many of the idc:is bchincl mechanical
impedance sinlLllation, ancl more specifically force limiting, were rcporkd  in the
litcratLwc  some thirty years ago. Yet force rncasLlrcmcnts  were seldom  made in vibr:ttion
tests until the 1990’s, when qLmlz ll~Lllti-coll~]]()]lcr]t  force transdLlccrs  bccarnc  readily
available, primarily as a IcsLdt  of their dcvclopmcnt  for other markets.

Judhls  and Ranaudo 198’7 [ 17] condLlct a definitive series of tests qL]antifying  the
clcgrcc  of ovcrtcsting  in conventimal  acrospacc  vibration tests.  Their objective is  10
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ccmqmc  the damage potential of an acoustic test and a conventional random  vibration
test on a shaker.  The test itcm consists 01a three slice mock-up of a R]: colnponent
weighing approximately 15 lb. and containing thrt’c  simLlla(cd  circwil boards. 111 the
iiccmstie  test, the componerlt  is mmlnkd m a 0.5” thick honeycomb panel tvith
dimensions of 28.85” by 45.22’’ .rl”hc study shows that the shaker rcsLIltcd  in :in
ovcrkst factor  (r:itio d sluikcr to acoLwtic test rL:sLIlts) of 10 to 100 for’ peak spcctd
clcnsitics  and a factor of tcrl for G ms’s. ‘l’lIcy  point out that significant savings in
design schedules and component costs will result from rcduccd  vi bralion test lcvc]s
which me dcvc]opCd by taking into account the compliance of the mounting strLlctLm in
the vibration tests of spacecraft components.

Swcitzer 1987 [ 18] develop a very  simple method of cormctirlg  10 I mechanical
impcclancc effects during  vibration tests of typical :ivionics electronic equipment. in
essence, the mcthd  is to let the test itcm have :1 rcsonancc  anlJ>lification factor of only
the square  mot of Q, rather  than Q as it would  on a rigid foL[rdation.  ‘1’his is
implemented in the test by notching the input acceleration by the same factor,  i.e. the
square  mot  of Q. This simple method is attractive because it ru]uircs  no additional
irlstfLltllcllt~Itior)  01 knowledge of the actual in]pcdance  of ci(hcr the test itc]n or the
mounting structure.

Piersol,  White, WiIby,  Ilipo],  and Wilby 1988  [ 19] conduct a definitive study
of the causes  and rc.medics for vibration ovcrlcstirlg  in conjunction with Space Shuttle
Sidewall nloLmtc(i  components. (It was while working as ;t consLlltant  cm this program
that the mthor  became intcrcstcd  in force limited vibration testing.) ‘1’hcy  compile an
extensive biography, contained in AJy>cndix  A of their Phase 1 Report, of litcuitLu’c
relating  to impedance simulation and the vib~iition  ovcrtcsting  pmblcm.  Onc aspect of
their stLdy is to obtain impedance nlcasllrcmcnls  on the shutt]c sidcwdi and com]alc
the data with I:liM and seini-empirical models. ‘1’hcy  propose as a force limit the
“blockccl  force”, which is the force that the field mounting s([Llcturc and excitation
would  deliver  to a rigid, irlfinite impedance, load. [Jnt’orlunatc]y, Icsults  show that the
blocked force is still very conscrvat  ivc for most aerospace applications, so (hat the
overlcsting  problem  is JIO1 IIILIC]I a]]cviatcd  with this parlicu]m’ choice  of a ]imit.  A
fLlrthcr drawback  of the blocked for’cc is that it does not take into account the impcchmcc
of the test item, whic}l  is rcaclily availab]c  in a vibration test incorporate ing force
transducers.

Scharton and Kern 1988 [20] propose a dLI~il control vibration test in which both
the interface accclcrat  ion and force arc mcasurul  and cent ml Icd. ‘1’hc y derive an exact
dual control  equation which relates  the interface  acceleration and force to the flee
acceleration and blocked force. ‘1’hc exact relationship is of little practical valLlc  because
cLmmt  vibration test ccmtrd]crs  canrmt dca] with phase, and the exact characteristics of
the moLmting strLlctLlr’c impedance can not be dctcrminccl. Altcrmtcly,  they propose arl
approximate relationship, for dual cxtrcmal  contrwl,  in which the exact rcl:ition is
replaced by extrcmal  control of the intcrfiicc accclcr~iticm  to its specification :ind the
interface  force to its specification, ~is discussed by MLirfin.

Scharton,  Boatman, and Kern  1989  [21] dcscribc  a dLIal contmllcd  vibration test
of ae~ospacc hardware, a camera  for the M:irs  Obscrvcr  spacecraft, Lising J~ic~o-electric
force transducers to measure  and notch the input ;iccclctiition in real time. Since the
controller woLlld not allow a scpar’atc  spccific:ition  for limiting (he force, it was
necessary to use a shaping filter to convert the force sigiml into a pscLdo-:icccleIiit ion.
Ge of the lessons leamcd  from this project  w:is tkit  the weight of the fixtLlrc above the
force transducers shoLlld  ]ep]csen(  a small fraction (less th:in  10%) of the test item
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weight. 01hcr3visc  above :l]ll~lc)xilll:ilcly  lhc first mode of (he test itcnl, the fcme  signal
will bc dominated by the form  rulLliml  (o vilmtc  the dead weight of tk fixture.

Smallwood 1989 [22] conducts  an ;i]~iilyticiil  s(Ltdy of a vibration  tcs( lncthod  using
extlcmal  control of accckmtion and ~“orcc. 1 lc lids that the method limited the
accclcmtion  input al fmqLlcncics  where the test itcm mponscs  tend to bc unrealistically
large, but that the application of the mc(hod is not str:iiglltf(~l}~’~~r(l  and ru]uim some
C:IIC.  ~ ]C COIK]lK]Cd  ttlat thC lCViV:l{  Of tCSt nlctho(is llsi[l~  fOL’CC iS iippl’Opl’ia(C
considering the advances in testing [cchnology  in the Ia$t fifteen ycar3,  and that the
method rcvicwcd  shows ma] merit and slKNIld be investigated further.

Scharton  1990 [23] anal yms dud  umtw] of vibration tcs[ing  using a simple two-
clcgrcc-of-frc.ccl{~ll}  systcm. ‘1’hc  stLdy indicaks  that dLlal cmtmllccl  vibration tcs(itlg
a]lcviatcs  OVCI’tCStillg,  but that the b]ocked  iim’c  is not always  applopliatc  for the fmcc
spxification.  AT] altcmativc  Illc(hod  is dcvclopcd  for predicting a force limit, based  on
random  vibmtim  parametric LCSUI(S  fm a coupled oscillatm  systcm described in the
Iitcratutc.

Smallwood  1990 [24] establishes a pKJCdLIK to derive an cxtmmal  contm]  vibration
test based on acceleration and fmx which can bc applid  to a wide variety of test items.
‘]’his  pmccciLu’c  pr’ovidcs a specific, jmtifiab]c way to notch the inpat  basccl  cm a force
limit.

Scharton  1993 [25] dcsc[ibcs  :ipplication  of fmcc Iimitcd  vibration testing to nine
JPl. flight hardware pmjccts,  mm of which is the comp]ctc  TOPI~X spacecraft tested at
NASA Goddard Space IiJight ~cntcr. ‘1’wo of the cases inclLlclc  validation data which
show that the force limited vibration test of the componcats  are still ccmscrwative
compared with the inpLlt  data obtaind  frmu vibr’aticm  ksts and acoustic tests at higher’
]CVCIS of assembly.

Scharton 1994 [26] cicscribcs  IWO applications of force limiting: the first to the Wi(ic
Iiiclcl Planetary Gmcra 1 I for the firxt f lLIbblc  tclcscopc  scrx’icing mission, anti the
sccxmi to an irlstrLrmcnt  on the Gssini  spacccmft.

Scharton 1995 [27] (icviscs a mcthmi  of calcul:tting  force limits by cval Lratit~g the test
item [iynamic mass at the coLrplc(i  systcm K’sonance  fru]Llcncics.  Appiicatim of the
mcthwi  to a simple ami to a complex coup]c(i osciil:tto[ systcm yic.lcis Il[J1l-(iilllcJlsiollal
awdyticai  resldts  which may be LISCCi  to calcLl]atc  limits  for’ future force ]irnite(i  vibration
tests. ‘J’hc analysis for the simple system provi(ies  arl exact, closed form result for the
peak force of the. couple(i systclll arl(i for tllc  notch (icpth irl the vibratic)rl  test. lror
example, using  the sinlJJlc  systcm nxLlits with Q=50  anti  cqLuil  inlJ>c{iancc  of the flight
moLmtillg  strLlctLllc ami test item, the inJILlt  iiccckIation  wiii be notchc(i by :1 factor’ of
31.25 relative  to a convcntionat  test. ‘1’i]c anaiysis  for the collqllcx  system pmvi(ia
pa[arnckic  results  which contain both the cffcdivc  modal arl(i rcsi[iLral masses of the test
item anti mounting strLlctLlrc  anti is thcrcforc  wcli suited for LISC with F1;M mmicls.

Scharton and Chang  1997 [28] cicscribc  the force ]imitcci  vibration test of the
~assirli  sJxicccraft corl(iL!ctc{i  irl Novcmbc]  of ] 996. over a hLm(il’cci acce]c[atiol)
lesJlollscs WCK mmitor’cci  in the sJxicccl’aft  vitmt  ion test, bLlt on] y t hc total axiai force
is uscti in the control loop to notch the inJJLlt  accclcration,  ‘1’hc force limit sJxci Jlc(i  in
the spacecraft vibration test Jdan is LIscd  in the test withoLlt  any mmiifications,  anti many
of the major  cquiJmlcnt items on the sJxlcccraft  Lwchcd their  flight limit load. The force
Jimit for the complctc  sJ)acccraft vibratim  test, as well as the Jimits for many of the
Cawini  instrwmcnt vibl-ation tests, are (icvclope(i using  a simJ)Jc,  semi-cnlJ)irical mctho[i
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which m]uires  only the acceleration specification and data fto]n a low Ie\’cl prc-tes[ to
dctcminc tk apparent mdss of the tcs[  ikm. l’his sc[lli-clll]litic[il  mc(hod  of predicting
force ]imils is validated for the ims(mmcn[  ks(s hy comparisons  with lwdcgr~wof-
frccdom  malytic:il  mdcls  and with intcrfacc l’o]cc d:~ta meamd al the
ills(rLllllcrlt/sJ>  :icccr:ift  intcrfacc  in acoustic tests 01 the (;awini  spacecraft lMih4 s(mctLlrc.
‘1’he  irls(rLlmcnt force limits dcrivd  with the semi-cmpiricd Illcthod  arc gcllclally  Cqulil
to or less that]  those dmivcd  with the t~~’()-(lcg[c.c-c~f  -ftcc(i(~[~~  method, hut wc still
Cmscnutivc  with respect  to the intcrfacc  force data mcmLll”d  in the acoustic’ tcs(.
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3.0 Structural lmpedancc

3.1 The Vibration Overtcsting  Problem

l’here arc hiskmically thmc solutions to the vibration mm-testing problem: 1 ) “build it like a
brick”,  2) mechanical impcciance sinlulation,  and 3) response limiting.

SOmc acmspacc  coJnponcnk  :irc still  “bLli]t  ]ikc a brick”  aJK] thercfmc  can survive v ib ra t ion
ovcrtcsting  and perhaps cvcJI  an iterative test failure,  mwwk, and retesting scenario. In a few
cases, this may even be the cheapest way 10 go, bLlt the frcquc.ncy  of such cases is certainly
nwc}l  less than it used to be. The. two historical mctlmds  of alleviating ovcltcsting,  impedance
simulation and response limiting, arc both closely lclatcd  to force limiting.

3.1.1 Impedance Simulation

In the 1960’s, pcrsonnc]  at NASA’s Marshall Space Ijlight Gnkr (MSFC)  developed ~i
mcchanica]  impedance sinw]at  ion lcchniq Llc MI lcd the “N plLM mm stmct urc” concept, which
invo]ved  incorpmit  ing a portion of the mmnt ing strLlct me into the vibration test. A common
ex:implc would be the vibration test of an electronic board, mounted in :i black box. lJI

addition, acoustic tests were  often conducted with the test items attzichecl  to a flight-like
mounting stmctLmc.  ]n all these appmachcs  where a porlion  of the mounting structure,  or
sinlL1late.d  mounting slmctL1rc, is used as the vibration lest fixtmc,  it is preferred  that the
accckation  inptlt  bc. specified and monit oml inkrnal  I y at the interface bet wccn the mounting
strLlctLu  c and the test item. 1 f instead, the accclmat  ion is specified cxtcmall  y at the interface
between the shaker  aJK] moLJnting  fix(Llrc,  the impedance sinm]ation  benefit is greatly
decreased. (When  the input is defined itltcrnally,  tllc “N @LIS  OIIC StlLICtllJ’C” approach is similar
10 the rcspmsc limiting approach, discussed in the next section.)

A scconc] cx:inqk  of mechanical impcc]ancc  simulation is the mu]ti-modal  vibration test fixtLmc
[J 1 ] wbic}l  was dcsignccl  to have many vibration modes to emulate a hitge. flight mounting
st[LlctLm.  ‘1’his novel approach was used in one govcmmcnt program, a Marinc[  spacecraft, but
fc]] by the wayside along with other  mcckinical impcdancc  simulation aJ>pmachcs  as being too
specialized and too cxpcnsivc.  in addition, the concept went against the conventional wisdom
of making fixt Ll]cs as rigid as possible to avoicl resonances.

Mechanical inq]cdance  sin~Ll]ation  approaches at’c sc]donl employed bccaLlsc  they mqLlirc
additional hardware  and therefore added cxpcnsc.  ‘1’wo exceptions which may find acceptance
in this new low cost environment ate: ] ) dcfcuing  component testing Lmtil  higher levels of
assembly, c,g. the system test, when moJ’c of the moLlnting strLlctLllc  is aLltolnatica]ly  present,
and 2) replacement of cqLlipnlcnt  random vibr;ition tests with acoLlstic  tests of the cqLlipnmnt
mounted on a flight-]ike  p]atc, e.g. honeycomb.

3.1.2 Response limiting

Most institLltions  have in the past resorted to SOJUC fmn of response ]imiting  as a means of
a]lcviating  vibration ovcrksting.  Rcspcmsc  limiting is anakgous to force limiting, bLlt  generally
more complicated and dependent on analysis. Response 1 i mi t i Jlg was used for several  decades
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at JP1. but has now bccll laIgely  replaced  by 10I’CC li[niting. in both response  and force limiting,
the approach is (0 Jmxlict  the imfligh( rcsponsr  (force) at onc or nlow cri(ical loca[ic)ns  m (IIC
ikm to be tcskd,  and then to mcasum  that Ksponsc  (form) in (hc vibla(im test and to rcducc,
m notch, the accc]cl”ation input  in the test at p:u’iicular  frqwmic’s, so a$ to keep the meawrd
response  (force) equal to or below that li]l~it.

III the case of response limiling,  the iwftight  rL’sponsc is ustially prcdictd  t;ith fJl\Ms.  ‘1’his
means that lhc prediction  of response mquim an f d ih4 mock] of the test item and the directly
excited sLlppor(itlg  strLlctum  and the same mmlcl is typically used to design atld analyze  the
loads itl the test item. in this case the mlc of the tcsl as all indcpcndcnt  vcriflc:ltion of the design
and atwlysis is scvcmly  colllj>lolllisecl.”  in addition, the mmlcl has to be very detailed in order  to
pnxlicl  the in-flight response at critical locations, so the accLlracy of (1IC predictions  is usually
suspect, particLllarly  at the highm  fmluencies  of random  vibration. By conti ast, the intcrfacc
fmcc  bctwccn  the suppol’t  st[”Llctul”c  and test itclll cm be prcdictcd  with moK’ confidence, and
depends less m not at all on the l:fih4 of the test item.

in addition, it is often cwmplicatcd  or impossib]c  to lncasum  the responses at critical locations
on the vibmtim  test itcm. Son]ctimcs  the criticol locations arc not acccssiblr,  as in the case of
optical and cold components. in the caw of laI~c test items, there m:iy bc m:Irly Icsponsc

locations of intc.rest;  hundds  of response locations nuty bc mcmurcd  in a typical spacccrall
tc.st. l;O1 this mason,  some institutions rely completely on analysis to predict the Icspmses  in
flight aml in the test, and then a priori shapr the inpLlt  accclcratim for (he test ill oKlcI to cqLMc
the flight and test responses. Since the unccrt:linty  in the pmlictions  of the rcsonancc
frequencies of the item on the shaker  is typically 10 to 20 %, any notches based on prc-test
analysis must bc very wide, and may result in undcr[csting  at frcqucncics  other than at
l“csonanccs.

‘J’here is me form of response  limiting which  is conceptually i(lC1ltiCill  to folk’e limiting, i.e.
limiting the acceleration of the ce~ltcl-(~f-gr:i~’ity  ([Xi)  m mass ccntmid  of the test itcm. H y
Ncw(on’s  second ]aw, Ihc accc’]cl”ation  c)l’ the C’<; is cqllal [0 llK’ extcmlit 10K’c app]icd to ttlc
body, divided by the total mass. It is indeed much easier to predict  the in night wsponscs  of the
test item (Xi, than the rcspmscs at othcl  locations. ‘1’hc  CXi wspmsc is typically pmlictcd  with
l:J~M’s  using only a ]LImpcd  mass to rcpmscnt  the test itcm. At J1’1, a scllli-cjl]l~iliciil  mrvc,
called the lllass-:iccc]cr:iti(~t~  curve is Llsually  dcvclopcd  early  in the design p[occss  to predict  the
(Xi  response of pay]oads.  Also, any method used to predict  the imflight  intcrfacc  force
obviously predicts the (;G accclcratim as WCI1.

‘1’hc pmblcm  with CG ]cspmlsc  limiting in the pa$t has been that it is difficLllt  or impossible to
measure the acce.lcration  of the CXi with ;{ccclcmj~~ctcw  in a vibration tc.st, Smnctimcs  the CXi
IS inaccessible, m’ them 1s no phySiCtll  Stl’llctllrc  at the ~~~i ]OC:lti  Oll on \\JhiCh to Illollllt  an
accc]cmmctcr.  I Imvcvcr, there is a mow scrims  pmhlcm.  ‘1’hc (G is only fixed relative to the
Stl’uctlll”c,  when tbc structure is a rigid body. 011 CC l’csonanccs and de fol’lllations  OCCL1l”,  it is
impossible to mcasLlrc  the [;( i accc]cmtion  with an accc]cr{)nlctcr.  ](ul”ther{l~ow  a(telnpts to
mcasm’c  the Hi mspcmsc usually overestimate the [’[i t’csponsc at msonanccs,  so limiting
based on these Incaslll’cmcnts  will wsult  in an ull(]crlcst.  } ]oi$rcl’cr, tl~c <~<i accc]cratim is
unique]y  dctcmimd by divi(iing an intcufacc  fo[cc mcasLlwmcnt by the tot:d maw  of the test
item; this tccbniquc  is very uscfLll  and will bc discussed subscc]ucnt]y  in conl Llnction  with
quasi-static design load vuiflca(ion.

3 . 1 . 3  ICnvcloping  ‘J’radition

‘J’hc prim:iry cause  of vibration ovcrlcsting  is :iwociatcd  with the tmliticmal,  and necessary,
practice of enveloping acceleration spectra to gmcralc a vitmticm  test spccificaticm. in the past
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the ovcrkstil]g,  m conservatism as some pwfcmd to call it, w:ls typically iittribukd  to the
amount  ofmmgin  that was LIscd  to envelope the spcctrd  data  or pdictims.  Now it is
undcl stood that the miljor  compmcnt  01 ovulcsting  is inherent in the enveloping pmwss  itself,
and is not within  the control of the person doing  (hc envclopil]g.

in l:igLuc  1, consider the data taken during  thr ‘1’01’f\X sp:icccraft  acoLlstic  test [29]. Ihich of
the six curves  is a mcasLucmcnl ncw the dtttlcllnlcnt  point of a diflcrcnt  clcctmnic  box to a
lmncycomb  pam.1.  “1’hc flat trace is the test slmificiltion  for the random  vibmlion  tests
conducted on tllc  clecttonic  boxes, :t ycw 01 so pl-im to the spncectaft  acoustic test. ideally the
spec i f i ca t ion  woldd  jllst  cnvclopc  ttlc  ddt;l,  and the ;Igl”ccmcnt  iS pretty good 111 the lllid-

ftcqucncy  Mrlgc from 100 to 5001 lz. Onc nlight mtion[llize that below 100 11?, the random
vibration specification is high to :mount fm low fm]Lmlcy  twnsients  not silnLllated  in the
acoustic test, and above :t1313roxitlliitcl>~  500 } 17 the specification is high to nccount for direct
acoustic excitation of the boxes which is not rcilcctcd  in the attachment foot data. ‘1’hcrcfore onc
nmy  COIICILKIC that the Lmdom  vi  b[ation tests  of the ‘1’OP]iX sp:[cecraft  elcctrcmic  b o x e s  w a s  not

unduly conscrviltive,  but  (h i s  woLIld be emmcous.  ll:ich  of the six curves  il] l~ig.  1 has  p e a k s
and willcys,  at different frcqucncics.  ‘1’hc  spccific~~tim  dots a gomi job  of enveloping all the
peaks as it shoLl]d,  but mrtlat  :iboLlt  the va]lcys. ~’]eal”]y,  the v:il]eys  arc fal below  the
specification, :is illustrated by the dark highlighted CLIIVC. ‘1’hc  next section, on the dynamic

absorber  effect, will show th;lt  that the frcq Llcncics :lwociated  with the valleys :irc very special,
in that they represent  the rcsonancc  fm]Llcncics of the boxes with fixed bases, i.e. as they arc
mmmtcd  in the random  vibra(icm  tests on the shtlkcr.  II] other  words,  the random  vibration tests
resulted in an ovcrtest  at tbc box resonmces,  by the amount  that the valkys in I~ig. t we bclmv
the specification, i.e. typically 10 to 20 dll !

Based  on the plcccding  d:lta, onc might augLK that random  vibration specifications shoLdd
envelope the valleys, not the pck of the field d:ita. 1 Iowcvcr, this is not possible and would
rcsLllt in undcrtcsting  off the Ksonances. ‘1’hc bcs( appmdch,  :tnd the onc implemented with
force limiting, is to retain the traditional  vibr~ltion  test specification, which is (he envelope of
the pcks,  but to notch the input at the msonmcc fr~x]ucncics  on the shaker  to emulate the
valleys in the field envimnmcnt.

‘1’hc dynamic absorber  cflcct  [30] may be explained with the assistmcc  of ]:ig. 2, which shows
a simp]c vibratory  systcn~ consisting of two oscill:~tm,  cmncctcd in series.  ‘I”hc primly
oscillator is directly cxcitcd  aml the sccond~lry  oscillatm  is Lmdwnpcd and cxcitcd  only by virtue
of its connection to the first oscillator. ‘] ’he dynmic  absorber  effect refers  to the fact that the
motion  of the mass of the pl’inm”y, directly  excited, mci]]atw’ wi]i be zero at the natLll”al
frequency  of the secmdary  oscillatm.  ‘1’his s(atcmcnt  is trLlc even when tllc  naturdl fmlLlcncics
of the two oscill;itcm arc diffcrmt  and even when the miss of the secondary  oscillatm  is mLlch
less than that of the secondary  oscill:(tor is st~]illl  rather  than zero,  the motion  of the primary
nmss is small La(tm than Yem.

‘1’o a]q>ly the dynamic absorber effect to the aemsp~lcc  vibration testing problem, awLImc that
the two oscillator systcm  in l;ig. 2 wprcscnts  a vitmtion  mode of a flight sLIppoI(  stmctLlrc
coupled to a vibmticm  mode  of a vibr~itim test itcm. Ikr example, the su])porl  StILIClLMC might
bc a sp~tcccraf(, and the test itcm an itlstrLlmcnt  mounted on the spacecraft. (knsidcr  the
numerical example illustrated in I:ig. 3, fm the case where  the two uncoupki  oscillator natLml
frcqLlcncics  are i(icntica], the masses ate Llnity, the b:iw acceleration is Llllity,  and the Q is 50.
‘]’hc ordinates in l;ig. ~ ate l;R1:  magnitudes, and for convenience the lcsLl]ts  ate discLlssed in
tcl’nls of a SillLISOid:d  illpLlt.  ‘]’hc :ibSCiSS;l  ill ]:ig. ~ iS fl’cqllency,  ncmul]i~cd  by the natL1l’al
frequency  of an LIncoLIplcd oscillator. l:ig. W is the mtignitu(ic  of the coLIpled system interface
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form, ]:ig. 3b is the magni(udc  of the cmpkd systcm  intmfacc  accelcratiml,  and I;ig. 3C is the
Illagnitlldc of the load apparent 111:1ss.

in Iiig. 3, notice first  that the intcrfacc  force and intcrfacc  accclcraticm both have pcalw at the
two coupled system resonance fm]ucncics  of 0.62 f,, and 1.62 f,,. Notice  further  that the
it~tcrf:iccacccler:[tio~l  hasa notch ofdcpth  Q“’ at the load fixc(l-b;iscrcsol~:~tlcc  frqucncyf,,,
where and the loacl appatcnt  mass has apcak of height Q. “1’his notch in the intcrfacc
accclctation  is.just the dynamic absorber effect. ‘1’his example iIILwtratcs the gcnual  dynamic
absorbclr  csLllt,  tll:it  tllcfrc(]llcllcy  sl>cctrlll~~ ol’:lccclcr:ltiol~  at the it~tcrfi,iccbct~~’cctlttlc
spacecraft :tnd instrLmmlt  will have notches at the fixed-base rcscmancc freqLlencics  of the
instrilmcnt.

The example in I;ig. 3 may also bc used to illustrate the ovcrlcsting  rcsLllting  from enveloping
tk interface accelclation,  and how force limiting will alleviate this ovcrlcsti[lg. in the couplccl
SyStCIll, thC illtC1fidCC  fOICC pCak Of 80 at thC ]OWC1 L’CSOll:ltlCC  fL’CqLICIICy  Of 0.62 f,, lCSUltS  flO1ll
multiplying the intcrfacc  acceleration peak of 50 by the load apparent mass value of 1.6. In a
conventional vibration test without force limiting, tk corresponding shaker  force would  bc of
2500, which is the interface acceleration cnvclopc  of 50 times the load apparent mass peak of
so at the load rcsonancc  frcclucncy f,,. With force limiting, the inpLlt  acceleration woLIld  be

notched at the load rucrnancc  frequency f,, to rulucc  the sbakcr  force  by a factor  of 2500/80 or
31.25.

3.2  I)ual (hntrol of Accderation and Form

Gmvmtirmal vibration tests tire conducted by controlling only the accclcratim inpL[t to the test
itcm. in thccwy, if the frequency spcctrLlnl  of the acceleration inJmt  in the test, inducting peaks
and valk.ys, were identical to that of the intcrfacc  acceleration in the flight mounting
configL1ratiorl,  ancl if tk bounclary conditions for other (lcgrecs-of-frcc{loIl~  (rotations, etc.)
WCIC the same as in the flight con figLlration,  then the interface fmccs  aml all the responses
woLlld  be the same in the test as in flight. 110WCVCI,  this is seldom  the case,  primarily becaLlsc
of the ncccssit  y of Llsing :i smoothed or an cnvclopcd  Icprcscntat  ion of the il ight interface
acce]cr’ation  as the test inpLlt, and sccondari]y  bccaLlsc  of frulLmlcy  shifts awociatecl with the
unrealistic restraint of other clcglccs-of-frcc(l(~l~l  by the shaker  moLlnting. It has been foLmd that
the dLud control of the acceleration and fmcc  input from the shaker  alleviates the ovcrlcsting
problem msociatecl with ccmvcntiona] vibration tests Llsing only acceleration control.

3.2.1 Thevincn and NTorlon’s  ICquivalt’nt  Circui t  Theorems

(hnsiclcr  a soLlrcc, consisting of a voltage  SOLU’CC in series with a soLwcc inlpedance,  which is
ccmncctccl  to a load [31]. If wc adopt the mechanical analogy in which force is current and
velocity is voltage (( JnforlLlnatc]y, this is the dLKd of the mechanical :inalogy Lmd in
mfcrtmcc[31 ].), Thcvincn’s  cqLlivalcnt  circLlit  theorem may bc stated in mechanical terms as:

A = A,t - I;/M, (1)

where A is the soLu-cc-load  interface acceleration, A,, is the free acceleration (i.e., the
accelcrat  ion that woLtkl  exist at the i ntcrfacc  i f the load were rcnmvcd),  F k the interface force,
ancl _M_ is the SOLMCC apparent mass mcasLlrcd at the interface. (Apparent n Lass is disc Llssed in
the next section.) All the terms in I;qLlation  1 arc complex md a fLlncticm of frcqLlcncy.
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[Jsing the same clcclo-Il]ccl]iiiliciil  analogy, considcl  a SONWC, consist  il]gof  acummt source in
parallel  with a source imJlcdancc, connmlul  (0 a lmd,  Nor(oa’s  cquivalemt  circuit theorem
sta[ed  in mechanical tclllls is :

1’= f:,, - A Nl> (2)

whcrcl:ois (hcb]ockcd  fmcc(i.  c., the lorccth:~t  wouldbe  requited at the illtcrh~cctolll:ikcttlc
motion mm).

f;,, / A,t = &(l. (3)

3 . 2 . 2  ])ual Control  Kquations

i:= A/A,,+] I’/J ‘,), (4)

which pmvi(ies  athccmtical  basis fo](iua]  control  of vibration tests.

Iiquation  4 is exact  but ciiffleuit  to apply bccausc  the terms m the tight hand si~ic are compicx
aml complicatc(i  functions of frequency. ‘i”iw phase ofthc inpLlts ancl tile impedance arc difficLllt
to dctcminc  anaiytical]y  or cx]~clilllcl~t~iliy,  aithougil some cxi}icwatmy  work on this problem
wascon(iuctc~i  some 25 years ago [4, i4].  I.ittic  rcccnt wokmcxact mechanical impc(iance
simulation is available, aII(i most commercially available vibration test controiicrsc:in  not
con[ro] phase ang]c toa specification.

An alkmativc,  approximate formulation for [tic control of vibration tests is provi(ic~i  by the
following cxtrcmal  Iiqs. [7]:

IAVIA,I  S 1 ami ll;l/ll;,l  s 1, (5)

in \\~llictl  A,rcl~lcsclltst  l)c:iccclcr:itiol]  specification ~il~(il:,  rc]~rcscl~ts  tl~cforcc  specification. In
lkj. 5, the fmc acceleration  an(i blocke(i force of liq. 4 ate rcpl:icc[i  by the comsponding
specifications which envelope the interface accclcra[ion  awl force in the coupie(i system. With
cxtrcnlai  control, the shakcrcuucnt  is a(ijLwtc(i  in caci~ narrow  fru]ucncy bami so that the larger
of the two ratios in ~’kl. 5 is cqLuil to unity. At fmiLlcncics  other  than the test itcm resonances,
the acccimition  specification uswiily ccmtmls [he test level, at the mcmanccs, the base reaction
force increases and the fmcc  specification limits the itlI>Llt.

Most vibration controllers have the capability for extrcmai  contmi,  but ol(ier controllers allow
only one tcfcwncc sJ>ccificatioll.  ‘1’0 implcmen[  (iuai cmtl’ol in this case, a fiitcl  mLlst  be usc(i to
scale the shaker  force feedback signal to an cciuivalcnt  acceleration [ 17].New controllers allow
separate  specifications for limit channels, so liq. 2 may be ciircctly  implcnlcntc{i. Force limiting
has been  used primaliiy  for mndom  vibration tests, bLlt  the application to swept sine tests is
also practic~i]  ami beneficial.
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3.3 Structural lrnpdancc Characterization

3.3.1  Apparent M a s s

111 this monograph stl”LlctLlral imJlcdwlcc will bc Cb;ll”ilC[Cli7Cd  as “appdrcnt  mass’>, wbicb is tk
prcfemd name for tbc frequency Lmponsc  function (l;l<l:)  consistil]g  of (he ratio of Luction

form to pmcribcd  acce]cra(im [32]. (Apparent mass symbo]s  will Ix’ Llndcrscorcd  in this
monogmpb  to distingLlisb  ttmn] from o(bcr mass  quantities. ) ‘1’bc  force aml prescribed
accclmition  in the apparent  mass usually tcfer  to (he s;ime (Icgtcc-of-f rcc(lolll.  (In tbc litcfat Llw,
this is often called the “drive  poin(” its distinguisbcd  frmu tbc ‘Ltmnsfcl” appmmt mass.) ‘1’hc
accclcmtions  at otbcr  boundary  (lcgrccs-(~f-flcc(l(~tl~  should bc cons(r:iincd to be zcm  if one is
dc:iling  wi(b a multiple drive point pmblcm  [8], bu( bcrcin,  only a single drive point is usually
of interest, and this consideration is igmm.d. ‘1’hc appwcnt  mass is gcncmlly  ti comp]cx
qLmti(y,  with magnit Ldc and phase, but hcmin  tbc tcm} :qyxmmt  mass will often bc used in
referring  to only tbc magnitude. ‘1’hc apparent  maw  cim vilry  greatly  with frcqmmcy,  as onc
passes through I“csoIlanccs. “1’hcmforc the appwrnt  mass ]cftccts  the stiflncss  and damping
Cb;NllCtCliSti  CS Of :i Stl”LICtLIIC,  :lS WC1! :1S tbC  111;1SS  ChWX(LXiS(iCS.

‘Iibc  C1OSCC1 fom solution for tbc appatcnt  m:lss of a rod cxcitcd  :it onc end and free [it the olbcr
end is given by [33]:

F(m) tan (mIi2ml  ) - i tanh (7tQIi2ml  )
-...—. = M. (0))== (ip, c/o))  ( l+i~) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , (6)

A((o) 1 ii [m (mo/2ml ) tanb (7c~(1)/2(0, )

where:  p] is tbc mass pm unit lcngtb,  c is the sped of lm~gitudinal  waves  (l~A/ PI )“2 WbCIC li is
YoLmg’s  lmdulLls and A is cross-section al-ca,  < is tbc critical damping ratio, and ojl is the

fLlndamcntal  fmqLmlcy me/21. with I. the md lcng(b. ‘1’his result is plotted as tt]c solid line in

l~ig.  4 for a critical  damping ratio  ~ of 2.5(1.

3.3.2 Effective Mass

Anotlm  mass-]ikc  quantity of gl’c:it  Significmcc  ill S1l”UCILM] almiysis and for impedance
simulation is tbc “cffcctivc  mass” [ 15,34]. A fmnal dcfini(ion  of the cffcctivc  mass,  which
cncompzisscs  mLlltiplc  (lcgrccs-c~f-frcc(lc)lll  and of f’-diagmal tcms, as well as cqLuitions  which
enable  the effcctivc  miss to be calculated with NAS’1’RAN, is givcll  in tk next section.

1%1 tbe beam driven at one end, tbc apparent  m:iss miy also bc cxprcsscd  as a modal cxpmsicm
involving (he cffcctivc  modal  nmscs, m,,, and the sillglc-(lcgrcc  -of-f -lcc(l(~lll  f’1’C(]LICIICy
lcspcmsc  fdcto]s:

(1-t  i2<)

~ ((I)) = M,, - Xl, 111,, _—-. .-—...- . . . . . . . . . . . . . . . , n = 1 ,2,3 . . . . . .

{[(1 - (m /0),,)2]  +- i 2(}

(7)
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—— Apparent Mass Magnitude, Q=20

-- -  Asymptot ic  Mass (Q=l  )

H Modal Mass

A Residual Mass

■

I I ■

o 2 4 6 8 10
Rat io of  Frequency to  Fundamental  (f/fo)

FIGIJRE 4. Apparent Mass, Asymptotic Mass, Modal Mass, and Residual Mass of
I.ongitudinally  Vibrating Rod, Iixcitccl  at One Iind ancl F’ree at Other End
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whm the strLmural fom of damping hm been :MLlmcd,  M,, is tbc total m:i<s pl I., :ind m,, is
tbc effective mtss of tbc ntb mode which is given by [34]:

III,, == S M,, / [7[? (21) -1 )?], (x)

W]lLX (0 is thC Il:ltllla]  fKX]ll CllCy of ttlc  llth lllO(k’  \VhlCh  is C’oll:l!  to (I), (21) -1 ). ] i(jlld(i(m  7 lll:ly
be vicw&l :1s a definition of the drive point cflcc[ivc’ miss.  ‘1’hc SLIIN of the cffcctilc  misses
~vcl  :~]] t)lc ]~l~[]cs  is t]lc t~t:ll  III:ISS, Wjlict]  nliiy bc vcl-ificd  by sLlllllllillg  the l’Od cffcctivc
masses, given  by liq. 8, ovel all n [M].

3.3.3 Residual  M a s s

Another mass quantity  closely Lcl:ikxi  to cflcc(i~c  maw  is tl~c “wsidml  mass”, ~vhich is defined
as the total Iuass minus  the  effective mass of’ the IIlodcs wilich ha~’c natural  flkhqllcncics  belot$’
the  cxcit;uion  ft’cqllcncy.  ‘1’hus  the l’CSi(iUill  mass of the N(h Illo(lc is:

(9)

7’lIc  rcsidLud mass may bc intcqmtcd as the fr:lcti(m of the total  mass which moves u’ith the
inpLlt  iiccclcratim,  like a rigid body. A more precise definition of the residual IN:(SS cmccp(,
which encompasses mLlltiplc  (Icgrccs-of-flcc(lotll”  md off-diagonal tcms, is given in the next
section.

It follows from the dcfinitim  of rcsidLliil  rims, ;IIKI  (I]c f:lcl tkt tbc sum of tllc  effective m:tsses
is the total mass,  ttla[ tbc residual maw dccrc:iws  monotonicilll  y to Zcm m fl cqLlcncy  incrcaws.
‘J’his  is the mccbanical  analogy  off ‘ostcr’s  “Il)cok.m  for clcctric;il circuits  [31]. llcrcin the
residual mass is gcncr:tlly  indicatd  w’ith  a upper case hfl. “1’hc  cflcctivc  l]~odill  n~ass  is the
negative change in (be residual  mass,  at the Mon:mcc fru]Llcncics.

“1’hc  effective modal ancl residual  masses of the fitsl five modes of the rod cxci(cd  longitudinally
are also shown in l:ig. 4.

‘1’hc dasbul  cLlrvc in h’ig. 4 is the critically  dalllpcd :ipp:iren( m;iss which m:ly be obt:tirlcd from

Ikl. 6 by set(ing the critical dampil~g ra(io ~ equ;il to unity. ‘1’hc critically danlpcd  apparent  m:(w
is also called tbc “skeleton” function in electrical  ciucLlit  atuilyses [31] or alternately the “infinite
system” m “asymptotic” apparent mass.

‘]’hc name “infinite system” (icrives fmm the second  method of calcLllating  ttlis function wbicb
is by cmsidcrillg  a semi-infinite system, e.g. (he first factor  on the ~igllt-l~i[[l(l-si(lc  of llq. 6
[33]. Notice  that tbc infinite systclu  value of app:lrcnt Illass of (he rod dccrcii~cs ;is one oi’ct
fmlLlcncy. This is also true for the appmmt rn:tss  of:( plate l’ibmling in bending.

“1’hc name :[sympotie derives  fmm tbe third method of calcLll;lt  ing this fmction  which is to take
a gCOIllCIIiC  avcra~c  of the al>~xiucnt ]llass }:RI : o\’c1” flC(l  LICIICy,  so t]l}lt  tbcl’c  is C(]Ll~il atca  abOVC
aJK] below the cLIr’vc cm a log-log plot [3S, 36]. (observe the cqwii w“ca characteristic of the
critically damped  apparent mass in l:ig. 4.) ‘1’hc asymptotic form of the app:~lcnt maw  is very
impmtant  to the development herein, bccausc  it will bc used to rcprcscnt  cxpcrimcntal  :qymcnt
mass datit mc21sLm2(i  either  in tap tests or shaker tests. INoticc ill f:ig. 4 that the mymptotic
apparent mass is a gcncmus  envelope of the wsidu:tl mass. ‘1’hc tk~ymptotic  appw”ent  mms,
which mLlst  include stiflness  as well as mass contributions, is :ll>l~lc)xilll:ltcly  equal  to 2]’? times
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Gmsidu  the ratio of the reaction  force in a particLllar diwc(ion  p, (0 the prescribed acceleration
in :i~~:it(icLll:ir[  lilectiO1l  q; the cflcctivc  mass, M,,:’ M,,,)”l M,,,l, istlles:\rl~c:is  tt~ccc>~ltlit~ll(  io~~ol

Ithe n(h mode  to this ratio, divided hy (k single-( c’glee-ol’-llccclc)t]l i’m]LKncy  wsponsc  factor.
Please note that the values of the cffcctivc  mass aw indcpcmlcnl  of the Inmial llolltl:~liziltic)ll.

Generally the reaction  is dcsiml in lhc same dimlion as the cxcitatim and the cffccti}’c mass
for the common  clircctim  is a diagonal of the M,,l,” h~,,,,’[ M,,l,6x(J  lll:ltl’ix,  :lllCit]lc  Icsi(ill:i]l1121ss
for ttlat clement llloll:itc>llic:llly  decreases as lIlol’c  all(l  Illc)l’c  nm(lcs iil’c JllOCCSsCd.  ‘1’hc SLI1ll 01
thcc()~ll1~~orl-(lirectio1leffccti\~c~~l~isscsf(~1:~ll  rl~c)(lcs isc(lLlitl  t(~tllct(~t:il  lll~~ss,oll~lol~lclltof
inertia  for that clirccticm.  If there is no common  dimctim,  the foregoing  is not true. If ml,,=
In},[,=(l  the residual mass after processing a complctc  SC( of nmlcs is a 6x6  nLIll miitrix.  1 f m},,
and Inl,[, arc not cqLIal to zcm, the value of MI,I,N after pmccssing  a complctc  SC I of modes is:

111},,,  -111, ,;’ $N MNN-’ $N” 1111,,
, which must be posi(ivc  definite.

~’hc highest reaction  of a single mode for a given excitation lCVC1  may not occur  along onc of
the axes USCCI  in an:tlysis or test. l’hc highest reaction  force (not moment) will occur  for
excitation along an axis sLIch  that its direction  cosines ate pmpwlimal to the diagonal tcms of
the effective mass along the amilysis axis. ‘1’he effective mass along this axis is
(M1,,~+MJ,,2+M3,,2)  / M,,,).
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4.0 Force I.imits

Thcm arc virtually no fligh( dat:i and little syskm  tcs( (ia(a on the vibratory forces at mounting
strLKXLIrc  and tcs( item interfaces. Cum.ntly  force limits for vibration tests arc thcrcfmc. derived
using one of three methods: 1 ) calcula(cd  using two-degree-of freedom or other  analytical models
of tbc coupled  SOLllCC/jOad  syskm  together With lllCl!Slll’C(i 0) I~l;M CffCCtiVC  111:1ss  data fOl thC
mounting s(ructLlrc and test i(cnl, 2) estimated using ii semi-empirical method based m system test
ciat:t  and heuristic argLlnlcnts,  m’ 3) taken fmm the quasi-static design criteria  which may be based
on coupled loads analysis m a simple  mass accelclation  cLlrvc.  in the first two methods, which are
usLmlly  applicable in the random  vibration frequency regime,  the fot’cc  specification is based on and
proportional to the conventional :iccclcration  specification. Any conservatism (OI error) in the
acceleration specification carries  over  to (he force specification. in the third method, which is
LIsually  limited to static and low frcqLKncy sine-sweep m transient vibration tests, the force limit is
clcrivcd  inckpcndcnt  I y from the accclcrat  ion spcci ficat ion.

4.1 Coupled System Methods

‘1’hc basic approach to calculating force limits with a coupled system model involves foLlr steps:

1. Ilcvelopmcnt  of a parametric model of the coupled source and load sys(cm
which might be an ~~llh~ or a multiple (lcglcc-of-frcc( loll~ modal model,

2. ]dcntificat  ion of the model parameters Usitlg  measured  aJ>parcnt  mass or 1;1ih4
mochil  ftccJucncy  and effective mass information,

3. ~olu[ion  of tl~c coLIplLxl  system pmblcn)  to obtain the ratio of the folcc  frequency
envelope to (he ziccclcrdicm  envelope :)( the soLlrcc/load  interface, ad

4. Multiplication of the ratio of envelopes by the acceleration specification to obtain
an analogoLIs  force spcci ficat ion.

in the following two sections, this basic method of calwlating  force limits using a coupled
soLIIcc/lcELc{  IIKXIC1 is i nlplcnlcnted  fOr t wO specific c:iscs  where the cOLIplcd nlodel is a sitnplc and a
conlplcx  two-dcglcc-of-flec(lonl  Systcnl (TIN’S).

For both the flight ccmfigLm~ticm  with a coupled source  and load and the vibration test configuration
with an isolated load, the interface force spectral density S[, is related  to the intcrfacc  acceleration
spectral density SAA as [27]:

s,, ((1)) = lM_2(m)12  SAA (m). (19)

The load apparent mass IMJ is a frequency rcspm~sc  fLlnction  (l:RI;) which includes mass,
(ialllpillg,  :111(1  StiffllCSS  Cff CCts. ‘!”hC flCCILICIICy dc1>cIKIc1lCC is shOW1l Explicitly ill Ik]. 19 to
emphasize that the relation  between force and acceleration applies at each freqLlcncy.

It can be shown [37] that, for white noise base lnotion  CM external force cxcita(ion  of the coLIplccl
system in I~ig. 2, the interface acceleration and fol-cc spectral densities both peak at the same
frequencies, i.e. the coLIplccl  system natural  frcqLlcncics. The load apparent mass, evaluated at one
of these natural frequencies, may be interpreted as the ratio of the force spectral peak to the
acceleration spectral peak at that natural frequency.



Both the simp]c and the complex ‘1’1 )l:S methods ale derive.d by mLlltiplying  the collvcn(ioml
acceleration spccifiuticm,  wbicb  is assumed  to pKy  KMy envelope (he accclcr:ition  spcctml peaks,
by the load appwcnt  mtw, cv:du:~tcd  at the coLIplcd system wsonancc  frcqmncics.  A ccntwl  point
Oft~liSlijllll’Oi~Cll  isthatthc  load 21]Jl>llI”CIl(111iiSS  lllLls( t>Cc\’:ltll:ltcCi  :I(ttlccollp]ed  systclll, O1’sbiftCd,
1’CSO1l:illCC flCCILIC1lCiCS.  ‘1’hC VdLICS  Of thC ]Wld  :l]llXIK’11( 111:1SS :1( (k COLIP]C(]  SJKtt’111  1’CSOII:II)CC
fmlLlcncics  arc comidcritb]y  less (bail  (he pc[k  value al the lox]  LIIICOLIp]Cd  ICSOMIICC  frcqLlcncy.

}:ig.  3 illLlstwtcs  the :ipplic;ition  of llq. 19 (0 t h e  s i m p l e ,  “l’l)l;S  m o d e l  shown  ill l;ig. 2 wbcn t h e

o s c i l l a t e s  ale i d e n t i c a l .  l;ig. 3a is the m:ignitLdc  of the coLlplcd  sys(cm  i n t e r f a c e  force,  w h i c h  i s
cc] Ll:llto tllc]ll(J(lLlct(  )ftllcl  o~l(lil]Jll:ltctl(  lll:lssitl  l:l.g. 3c;ill(l  lllcilltcrf:icc:  iccclcr:{tioll  illl;ig. 3b.

4.1.1 Simple ‘J’I)FS IMcthod

‘]’bc force  limit is helc calcLtlatcd  for the simple,  non-idcnlica]  ‘1’1 )] ‘S in l;ig. 2 with diffmcnt  masses
ofthc  soLIrccarKl  the  load o s c i l l a t e s  [ 2 7 ] .  l:ol’tllis’l’l)l;s,tl~c  maximLlm  rcsponscofthe  10:KI an(l

thCICfO1’C  tbC  lllWilllLIIll iIltClfXC foICC OCCLII’ WhCIl tk LlllCOllJl]C(~  I’CSOlllillCC flC(]LICllCY Of thC 10X]
cqLudstllat of the sOLIIcc [38]. l;(~rtl}is c~ise,  tllccll;il:lctcl  istic cqLlatiOn  is that of aclassic:il

d y n a m i c  absmbcr[  30]:

((!)/(!),,)2 = 1 -t(m,/m,)/2 f [(111,/111, )+(11),/111, )’/4)](’  ‘ . ( 2 0 )

‘1’hc  ratio of tbc i n t e r f a c e  force  to a c c e l e r a t i o n  spectl a] dens i t i es ,  ca]cLlt:ltcd  as irl ~ kl. 19 fmm tbc
m a g n i t u d e  squ:wcd  ofthc load appwcnt  Imtss, is:

s,, /(sAA 11122) = [ 1 +((1)/m,,)2/Q2’] /{[ 1 -((1)/0),,)’]’ +((1)/(f)(,)  ’/Q2’ } ( 2 1 )

‘1 ‘k force  spcct ral dcnsit y, nmfnal  i zcd by the loud n~ilss  sqLlamd and by the accelclut  ion spcct Ial
density, at the two c(mplcd systcn]  Icsonltnccs  is obtained by comt>ining  Iiqs. 20 and 21. l;or this
‘l’lll:S  the nomui]izcd  force is jLIst s]ight]y lmgcr  :it the ]OWCL’ rcsmance  frc(lLlcncy  of fkl. 20. “1’hc
maxim  Llm mmalizccl force spectral density, obtained by cv~iluating  l;q. 21 at the lower  resonance
fwqLlcncy  from Ilq. 20, is plotted ag:{inst  the ratio of load to soLucc  m:iss for (hrcc valLlcs  of Qz in
I:ig. 5.

]11 Iiig. S, foI” va’y smal]  (() .()()()1) values of tbc I’alio of lWKI to SOLIL’CC mass,  the 10:K1  has little

Cffcct  011  ttlc SOLIICC,  and the  maximum nomaliml  force a p p r o a c h e s  Q S(]LIN’Cd. 1 JO] lalgcr  ratios of
tbc masses, the maximLlm force is smaller bcc:iLlsc  of (be vibIation  absorber cflcct  at the lCMKI

l’CSOll:iIICC fleC]LICIKy.  ~k)l’ CC]Ll:d  10NI WK\  SOLIICC lll:lSSCS, thC lll;WilllLIIU IIOLIWL[i?,CCi  fOICC 1[1 I;ig. 5
is 2.56 or ( 1.6)2, as in tbc nLlmcrical  example of I:ig. 3.

lJSC of l:ig. 5 to define  force spccific~(tions  m]Llitcs tlult  the oscill:ltol  masses in l;ig. 2 bc dcduccd
fmm the pmJlcl(ics  of the distl’ibLitcd  SOL]l’CC and Io;K1 systems. (:lcarly  tbc oscillator  masses  mLlst
V:ily  W i t h  flCqLICllCy,  :Hld it tl:lS ~M’OVCIl  COllVCIliCIlt  (0 dCfillC  tilClll,  as w e l l  as thC INl]tillg  fOL’CC
s p e c i f i c a t i o n s ,  in one- th i rd  octave  bands. OIIC might think that  the oscil lator nmscs  sboLlld  be
i d e n t i f i e d  w i t h  the Icsonant  modal  or effective nlwscs  of the disttibLltcd  system. ~ Iow’ever ,  th i s

cboicc  lcsLllts  in no force at frcqLlcncics  where  tbc system ]acks rcsommccs.  A IIKH’C conservative
approach is to identify the oscillatm  masses in I:ig. 5 with the residual  masses of tbc disttibL]tcd
systems.
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Ilcfining the oscillator masses as residual masses instead of as modal masses, over estimates both
the load and source masses which over estimates the interface forces calculated using Fig. 5. This
approach is conservative for testing, but it is not very conceptually satisfying. The Fig. 2 model,
with only one mass for the source and another for the load, is basically deficient in that it can not
represent the force contributions of both resonant and non-resonant structural modes. This leads to
the consideration of a more complex TIX;S  Jnodel, which for some configurations predicts even
higher force limits than the simple TDFS model.

4.1.2 Complex TDFS  Method

Ilere the force limit is calculated for a more coJnplcx TDFS model in which the source and load
each have two masses to represent both the residual and modal masses of a continuous system
[27]. As in the case of the simple TIJFS,  it is assumed that the acceleration specification correctly
envelopes the higher of the two acceleration peaks of the coupled source and loacl system.
}Iowever,  for the more complex TDFS, the calculation of the force limit requires evaluating the
relative sizes of the accclerat  ion peaks at the two coupled system resonance frequencies (i.e.
determining the mode shapes of the coupled system), which requires some specific assumptions
about how the system is excited. Calculation of the force limit for this system also necessitates a
tuning analysis, in which the maximum force is calculated for different ratios of the load and
source uncoupled resonance frequencies. The  complexity of the model  requires that the results be
presented in tabular form for different ratios of modal to residual mass, for both the source and the
load,
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I~i.g. 6a shows a moclcl  of a source  or a load in which each  mode may be represented as a collection
of sitlgle-(lcgrcc-of-frce(ioltl  systems attachc(i in imaiic] (0 a common intc[fidcc.  (1’his type of
mo[iel is sometimes cailecl an “asparagus patch” nmicl [34].) ‘1’hc  masses of tile  single-[icgmc-of
frccciom  systems in this paralic] osciiiatot  mocici  arc (icfinc(i  by the effective nuisses of tile  nlocies
of the distributcci system.

When this parallci  oscillator mo(icl  is cxcitc(i at the intmfacc  with a frcqLmlcy  near the rcsonancc

fmlLlency  m,, of the nth mo(ie, the mmicl nuiy bc simplifie(i  to that in F’ig. 6b, where m,, is the
mo(ial mass of the nth nmic anti M,, is the resiclLtai  mass, i.e. tile sLIn~ of tile masses of aii mocies
with resonance frequencies above tile excitation frcqLlcncy.  Finaiiy,  l~ig. 6C shows a coL]plcci
system with a rcsi(iual anti mocial  mass Jmcici  of botil  the SOLWCC  an(i the Ioa(i.  The  ratio of mo(ial

to residual mass is cxi=nll/M1  for the soLlrcc an(i ct2=mj/Ml for the load; the ratio of ioa(i and

source uncoLlpleci  resonance frequencies is f,l=m)/oll; :in(i the ratio of loaci  an(i soLlrcc  re.si(iLlal
masses is p= Mz/M,.

The un(iampcci  resonance frcqLlcncics  of the coupled system  in I;ig. 6C are solLltions  of

(l-B,’)(I -B,’)+ a,(l-i322)  + p(l-f.l,2)(  i-fi22)+pa,(l-R,2)  = 0, (22)

with J31=oYcoI, f31=oYo)j, wl=:(kl/nll)Os,  and 0)=(k2/n12)(”.

lJsing  f.1 to eliminate 0,, the two unciampc(i  rcsonancc  frequencies of the coLIplcci sys(cm ate foLm(i
f r o n - t h e  qLlaciratic  cqLl~tion solL]tion:  -

B*2 = -F3/2  + (B2-4c)0  5/ 2 ,

where:

B = -[(l +p+cx,  )/Q2+(l+p+pcx2)  ]/(1 +p) an(i c = ( l+p+cx,+

(23)

K12)/[(i+~l)f~2].

The interface force spectral (imsity,  normaiimci  by tbc acceleration spectrai  cicnsity and the loaci
rcsi(iuai mass sqLlarc~l,  caicuiatc(i-as  in Iiq. 19 froin  the nl:ignitLicic  sqLlarcd  of the Ioaci (iynamic
mass, is:

lM212/M22  = { [(1-132

2 )+a2]2+B22(l+a2  )2/Q22}/ [( l-13,2 )2+t322/Q22]  . (24)

combining  E@. 23 an(i 24, yicids tile normali~.cci  force spectrai  cicnsity at each of the two coLIplcci
sys tem resonance  frcqLlcncics.

The desired rcsLlit  is the ratio of the larger  of the two force spcctrai  cicnsity peaks to the larger  of
the two acceleration spectral ciensity peaks, the former being the cicsircci  force limit anti the latter
corresponding to the acceleration specification. ~. JnfortLmatcly,  the peak acceleration an(i peak force
(io not ncccssariiy  occLlr  at the same frc(iuency,  e.g. the peak acceleration may be at the higher of
the two coupled system resonance frcqLlcncies  whiic the peak force is at the lower of the two
frcqLmlcies.  This, in fi~ct,  occurs when the LInCOLIplC(i  resonance frcqLlcncics  of the loa(i an[i soLlrcc
are approximately cqLlal,  that is for f) near Llnity.
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–-1 ‘4 ] ‘M”’
s C o n t r o l l e d  Modexs

FIG.  6A. ASPARAGUS PATCH MODEL OF SOURCE OR LOAD

F(w) ‘r - Kn

A ( w ) B4rl mn

Residual I
Modal

Cn
0 0

Parameters

an IC mn/Mn
Wn = (Kn/~)n).5
QrI = (Kn*m n)”s/C n

1

\“\ : \“ \~\
FIG. 6B. RESIDUAL AND MODAL MASS MODEL OF SOURCE OR LOAD

al=ml  /Ml
P = Mz/MI
Q = (w2/wl)

azsmz/M2

FIG. 6C. COUPLED TDFS RESIDUAL AND MODAL MASS MODEL
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I’o obtain llIC dcsircci rcsLilt, it is ncccsswy  (0 calcLllutc  the rafio of (he two accclcmtim  spcc(tal

density peaks of the coupled  s y s t e m ,  and this mtio dcpcn(ls  on h o w  the system is cxcitcd.  1 lcrcin,
i t  i s  a s s u r e d  that the modal mdss  of the source  is cxcitd by m e x t e r n a l  fmcc l$itll  a il;~( spectI”:ll

density over the frcclLmncy  band including the two rL’son:tncc lwqLlcncics of the coupled  systcm.
(F1’wo  other  excitation possibilitim  would  be that the spcctrLlm  of the free :iccclcmtion  01 the
blocked force of the lcsidwd  mass of the SOUICC is constan(  with fmqLlcncy.  ) ‘1’lw fltit  external  force
acting  on tllc source  mod:ll  m:iw is chosen, because it is thmlght to bc tbc most typical md because
it yields the highest force limits when  the lmd and soutcc  llmsses  arc comparable.

1;01 any  cxcit;ition  of tbc source systcm, the mafqlitLldc  squ:mxl  Of the  ratio of interfxe accclcratiOn
A to the free nccclcratim  Al,) of tbc rcsidu:il  ]l]iiss  of the Sollrcc is:

lA/Al,,l?  = lL41/(_M1+hMj)l  2. (25)

(Note that the cvalua(im of l~q. 25 requires  the cmlpletc  complex forms of Mlan(l IV47 which m
not given  explicitly licrcin. ) l;O1 the Cboscll  form of cxcitat  ion, :(I1 cxtcm{l  force } ‘C :Ict ing on the
source  modal mass m,, the magnitude  squard of the fIcc accelcmtim  A ,(, is:

‘Jibe free acceleration is eliminated between  Iiqs. 25 at~d 26, md the interface  accclcr:itim  al the two
coL]plcd  syslcm  resonances  is dctcmincd  using L1 to climin:ite  HI awi  subs t i tu t ing  R,z from Jiq. 23 .
Assumirlg  that the cx(crnal  force spcctrLim is the same ut the lower  and upper IcsotmIlcc fmx]Llcncics
of the coupled system, yields the ratio of the it~tcd’:m ;iccclcm[ion spectral dcllsity pc:dw a[ these
twm frequencies.

‘1’hc dynwnic  maw  in 1 k]. 24 is sc:ilcd  by multiplying the dynamic mass at the lcsonancc  fwqucncy
corresponding  to the smaller accclcr:itim  peak by the mtio of tbc smaller  10 tbc IIir.gcr  accclm~tion
peak and by multiplying the dynamic  Iunw at the other frcqLlcncy by uni[y. l:inal]y, the lalger  of
the two thus scaled dyn:imic nmsscs is used as th~’ Iatio of tllc  glcatcr I<)rcc spcc(til]  density peak 10
the gl’catcl  acceleration SJlCCtl”211 density )lC:k.

‘I”hc final step in the derivation of tbc force limit is to vary the ratio, f) = (oj(o~,  of the Llncmpled
resonance frequencies of (hc load to the SOLII”L’C  to insure ttlil(  ttlc  maximum V:l]llC  of thC interface
force  is foLlnd for all mms,  stiffness, and d:lmpinp, colllbinu[ions  for the systcm  in ~:ig.  6c. A
tuning  analysis is conducted in which  the value of the frcqLlcncy ratio K2 sqlm’cd is varied by
1/1 6tbs fmm  8/1 (iths  to 32/1 otbs, which comxponds  to 3% incl-cmmts  in tbc fwqL1cncy mtio. ‘1’hc
maximum tuned values of the force spcctmt  dcnsi(y, nommlimd  by the Io:id Icsidual  mms  squared
and the maximum wduc of the accclcuition  spectral density (which  is equivalent to the acceleration
specification) arc listed in ‘1’ab]cs  ], 2, :Ind ~ fol” t}lc anlplification  factors Qj and Qz both cqLIai  to
50, 20, atld 5, respectively [37]. (}<csults fm oltlcl  Q’s may be computed from Iiqs. 22-26, if
deemed  necessary.)

‘1’hc nomalizcd  force spcctml  density in ‘1’ablcs 1-3 is unity when  ctj = () (see ]iq. 24) and shmld

be intcqml~~tcd for 0.125< aj <O. It is suggcs(cxl  tlm( the force spcctr:i] density for (~[< 0.25, be

taken  as the value at al = 0.25. (Small (x,’s mmspond  to local source  modes,  which  nmy not be
relevant to tbc interface cnvimnmcmt.  Also, the in(crfwe  force for no source  modal maw  is

different than the asymptotic v:iluc for u] = O, w’llich  cormponds  to a very SIMII mms  moving al
vcr-y  lmg,c ampli(udc.  )

4-6



Table 1.  Force Limit  SDeclrunl for C o m p l e x  TDFS w i t h  Q=50
(Normal[zccl  Ely 1 cracl  F{ CSI~LIal Mass Squared aid Accelerallon  Spcctrun))

Ratio of modal F{csIclual  mass raho , M2/M 1

to residual mass 0.001
. - — .

0.003 0.01 0-63 0.1 0.3 1 3 10
nil/Ml, n12/M2 — . - — .

8.0, 8.0
8.0, 4,0
8.0,  2.0
8.0, 1.0
8.0, 0.5

8.0, 0.25
8.0, 0.125

8.0, 0.0

4.0, 8.0
4.0, 4.0
4.0, 2.0
4.0, 1.0
4.0, 0.5
4.0, 0.25

4.0, 0.125
4.0, 0.0

2.0, 8.0
2.0, 4.0
2.0,  2.0
2.0, 1.0
2.0, 0.5
2.0, 0.25

2.0, 0.125
2.0, 0.0

1.0, 8.0
1.0, 4.0
1.0, 2.0
1.0, 1.0
1.0, 0.5
1.0, 0.25

1.0, 0.125
1.0, 00

0 . 5 ,  8 . 0
0.5, 4 . 0
0 .5 ,  20
0.5, 1.0
0.5, 0.5
0.5, 0.25

0.5, 0.125
0.5, 0.0

0.25, 8.0
0.25, 4.0
0.25, 2.0
0.25, 1.0
0.25, 0.5

0.25, 0.25
0.25, 0.125

0.25. 0.0

0.125, 8.0
0.125, 4.0
0.125, 2.0
0.125, 1.0
0.125, 0.5
0.125, 0.25

0.125, 0.125
0 .125 ,  00

9 4 9
237’

5 9
15

4
1
1
1

8 8 4
221

5 5
14

3
1
1
1

1 6 4 0
4 2 0
106

2 7
7
7
1
1

16554
7 3 3 3
3 0 8 0
1 1 8 9

4 1 5
1 3 2
39

1

2 4 1 9 9
1 0 2 3 8

4 0 4 6
1 4 5 4

4 7 2
141

4 0
1

3 3 9 1 0
1 4 1 8 9

5 3 4 2
1764

5 2 9
1 4 9

41
1

4 8 1 4 6
1 9 1 2 2

6 6 4 2
2 0 4 5

5 7 4
1 5 5

41
1

0.0, 8.0 1 3 4 7 6 7
0.0, 4.0 37885
0.0, 2.0 9 8 2 0
0.0, 1.0 2484
0.0, 0.5 625
0.0, 0.25 157

0.0, 0.125 4 0
0.0. 0.0 1

9 5 0
2 3 7

5 9
1 5

4
1
1
1

8 8 0
221

5 5
14

3
1
1
1

1521
4 0 4
1 0 5

? 7
7
2
1
1

6 5 0 8
2965
1 3 4 5

5 9 2
2 4 5

9 4
3 3

1

9 7 9 8
4 4 1 7
1927

8 0 4
311
1 1 0

3Ei
1

13269
6185
2 7 3 6
1111

3 9 6
1 2 8

3cJ
1

18 Ei37
8 8 2 3
3 7 8 8
1434

4 7 7
1 4 2

41
1

GGIS16
? 8 7 6 9

8 9 9 8
241!3
619
1 5 7

4 0
1

9 5 4
2 3 8

59
1 5

4
1
1
1

8 7 0
2 2 0

5 5
14

3
1
1
1

1 2 8 6
364

cJcJ
26

7
2
1
1

2921
1 2 0 0

5 0 2
2 2 9
106

4 8
21

1

372G
167?

7 4 7
3 3 5
148

.53
26

1

4 4 5 5
2 1 5 5
1 0 4 3

4 9 2
2 1 9

8 5
31

1

6361
2 8 8 5
1454

6 8 4
2’91
1 1 0
36

1

13561
8669
5 0 1 5
1962

5 8 0
154

4 0
1

966
2 3 9

5 9
15

4
1
1
1

860
? 1 9

5 6
14

4
1
1
1

1075
311
90
75

7
2
1
1

1 5 1 0
5 8 3
2 4 8
112

5 1
? 3
11

1

1761
7 3 8
319
142
66
31
15

1

Igg(j
8 8 5
4 0 5
2 0 5
104

4 7
2 0

1

2411
1174

5 0 8
271
139
66
27

1

?836
18?7
1 2 0 3

8 2 3
4 0 ?
136
38

1

1021
2 4 4

60
1 5

4
1
1
1

916
2?3

57
15

4
1
1
1

1 0 0 3
2 7 5

8 0
2 4

7
2
1
1

976
3 3 6
1 2 8

5 3
?6
1 3

7
1

1 0 4 6
368
1 4 3
62
3 0
1 5

8
1

1 0 2 6
3 9 3
1 8 2

8 0
4 5
2 2
11

1

1 0 7 2
411
1 9 3
1 0 5

5 2
31
16

1

1 1 3 6
4 6 4
2 7 6
1 8 7
111
69
3 0

1

1206
260

61
15

4
1
1
1

1 0 5 8
2 5 3

6 2
16

4
1
1
1

9 6 5
261

8 2
26

9
3
1
1

9 0 9
2 4 9

8 4
3 4
1 6

9
5
1

8 8 7
2 4 9

8 9
4 0
18

9
5
1

8 3 9
251

96
4 5
2 3
12

6
1

8 5 5
2 6 8
1 0 6
48
2 7
15
10

1

8 7 4
2 5 8
1 1 0

5 4
3 5
2 5
14

1

1268
2 9 9

6 9
17

4
1
1
1

1086
2 5 7

7 3
22

6
2
1
1

9 9 6
2 4 0

7 0
2 5
11

6
3
1

9 9 8
2 3 5

71
26
1 2

6
4
1

9 9 4
229

7 2
2 7
1 3

8
4
1

9 5 5
2 2 7

71
2 8
15

8
5
1

936
2 3 0

7 4
3 0
14

9
G
1

9 1 7
2 3 3

6 9
3 0
17
10

9
1

1 ? 6 1
2 7 0

73
2 3

7
2
1
1

1 1 3 4
? 5 3

~ g

23
1 0

5
3
1

1119
241

6G
2 3
1 0

5
3
1

1114
2 4 0

67
2 3
11

6
4
1

1112
242

6 5
2 5
1?

7
5
1

1111
2 4 4
66 66
2 3 2 2
1? 11

8 7
5 5
1 1

1265
2 5 3

69
2 2

6
5
3
1

1255
2 5 5

6 7
22
1 0

5
3
1

1234
2 5 7

6 3
??
1 0

6
4
1

1212
2 5 2

6 4
2 4
11

6
4
1

1202
2 4 8

6 5
2 3
1 0

7
5
1

1 1 9 6
2 4 7

1111 1194
2 4 4 2 4 6

67 66
2 4 2 2
1 3 11

7 7
5 5

1 1

1110 1191
2 4 5 2 4 5

68 66
2 5 2 2
12 11

8 7
5 4
1 1
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Table 2. Force Limit Spectrum for Complex TDFS with Q=20
(Norrnallzed  W Load Residual Mass S~uared  and Acceleration Spectrum)

~atio of modal F{esidual  mass ratio , M21M1
——

to residual mass 0.001 0 . 0 0 3 0.01 0.0:
..—

0.1 0 . 3 1 3 1 0

8.0, 8.0
8.0, 4.0
8.0, 2.0
8.0, 1.0
8.0, 0.5
8.0, 0.25

8.0, 0.125
8.0, 0.0

4.0, 8.0
4.0, 4.0
4 .0 ,  2.0
4.0, 1.0
4.0, 0.5

4.0, 0.25
4.0, 0.125

4.0, 0.0

2.0, 8.0
2.0, 4 . 0
2.0, 2.0

9 3 2
2 3 3

5 8
1 5

4
1
1
1

8 7 1

9 3 3
? 3 3

5 8
1 5

4
1
1

9 3 6
2 3 3

58
1 5

9 4 8
2 3 5

5 8
1 5

A

1001
2 3 9

5 9
1 5

4
1
1
1

9 0 4
2 2 0

5 6
1 4

4
1
1
1

9 9 0
2 7 2

7 9
2 4

7
2
1
1

9 6 7
3 3 2
1 2 5

5 0
2 4
11

5
1

1 0 2 3
3 5 7
1 3 6

5 9
2 7
1 3

6
1

1 0 1 7
3 8 0
1 7 3

7 4
3 8
1 6

7
1

1 0 4 8
4 0 0

1 1 8 0
2 5 6

6 0
1 5

4
1
1
1

1 0 4 2
2 5 0

6 1
1 6

4
1
1
1

9 4 6
2 5 9

8 2
2 5

:
1
1

9 0 1
2 4 7

6 3
3 4
1 5

8
5
1

8 8 0
2 4 7

8 9
3 9
1 7

8
5
1

8 3 3
2 4 9

9 3
4 3
2 2
1 0

5
1

8 4 9
2 6 6
1 0 2

4 5
2 4
1 3

7
1

8 6 7
2 5 6
1 0 9

5 2
3 0
1 7

6
1

1 2 4 0
2 9 4

6 8
1 7

4

;
1

1 0 6 7
2 5 4

7 2
21

6
2
1
1

9 8 2
2 3 8

7 0
2 5
1 0

5
3
1

9 8 4
2 3 3

71
2 6
1 2

6
4
1

9 7 4
2 2 5

;?
1 2

7
4
1

9 3 6
2 2 5

71
2 8
1 4

8
5
1

9 1 8
2 2 8

7 2
2 9
1 4

8
5
1

9 0 0
2 3 1

6 8
3 0
1 6

9
6
1

1 2 3 4
? 6 5

7 3
2 3

7
2
1
1

1 1 1 0
2 5 0

6 8
2 3
1 0

5
3
1

1099
2 3 6
65
? 3
1 0

5
3
1

1 0 9 5
238

6 6
2 3
11

6
4
1

1 0 9 3

1 2 3 8
2 5 0

6 8
2 2

6
5
3
1

4
1
1
1

1
1

1 1

1 2 2 9
2 5 2

8 6 7
2 1 8

5 5
1 4

3

8 5 8
2 1 7

8 4 9
2 1 6

5 5
1 4

4
1

2 1 8
5 5
1 4

3
1
1
1

5 5
1 4

4
1
1
1

6 7
2 2
1 0

1
1
1

5
3
1

1
1

1 5 8 6
4 0 6
1 0 3

1 4 7 8
3 9 1
101

1 2 6 0
3 5 5

9 7

1061
3 0 5

8 8
2 5

7
2
1
1

1201
2 5 4

6 2
2 2
1 0

6
4
1

2.0, 1.0
2 .0 ,  0.5

2.0, 0.25
2.0, 0.125

2 6
7
2

26
7

2 6
7
22

1
1

1
12.0, 0.0

1.0, 8.0

1

tlo41
3 8 6 9
1 2 2 8

3 5 9
1 0 0

1181
2 4 8

6 4
2 3
11

6
4
1

5 7 3 1
2 2 0 6

8 2 6
2 8 3

8 9
27

8
1

7 7 2 0
2 8 9 5
1 0 0 3

3 1 9
9 5
2 7

8
1

9 9 7 8
3 7 2 5
1 2 0 5

3 5 4
9 9
2 8

8
1

1 2 4 2 5
4 4 1 7
1 3 6 8

3 8 0
1 0 2

2 8
8
1

2 1 2 8 4
6 1 0 8
1 5 9 0

4 0 3
1 0 2

2 7
8
1

2 7 1 4
1 1 0 5

4 3 2
1 6 6

6 3
2 3

8
1

1 4 8 6
5 6 7
226
1 0 0

4 2
1 7

7
1

1 7 2 6
6 9 5

2 8 3
1 1 7

4 8
1 9

8
1

1 9 4 4
8 1 2
3 5 9
1 6 0

6 3
23

8
1

2 3 3 1
1 0 8 0

4 2 9
1 9 2

7 5
2 6

8
1

2 7 0 0
1 5 6 0

7 5 7
3 1 0

H
7
1

4-8

1.0, 4.0
1.0, 2.0
1.0, 1.0
1.0, 0.5

1.0, 0.25
1.0, 0.125

1.0, 0.0

0 .5 ,  8.0
0.5. 4.0

2 8
8

1 3 8 8 9
4 5 1 6

3 5 0 1
1 4 1 7

5 6 1
2 1 1

7 4
2 5

8
1

1171
2 4 4

6 5
2 2
1 0

6
4
1

2 4 0
0.5; 2.0 1 3 4 6
0.5, 1.0 3 7 7
0.5, 0.5 1 0 2

0.5, 0.25 2 8

6 4
2 4
11

6
0.5, 0,125

0.5, 0.0

0 .25 ,  8.0
0 .25 ,  4.0
0.25, 2.0
0.25, 1.0
0.25, 0.5

0.25, 0.25
0 .25 ,  0 .125

0.25, 0.0

0.125, 8 . 0
0.125, 4 . 0
0.125, 2.0
0 . 1 2 5 ,  1.0
0.125, 0.5

0 .125 ,  0 .25
CI.125,  0 . 1 2 5

0.125, 0.0

0.0, 8.0
C1.o, 4 . 0
0.0, 2.0

8
1

4
1

1 7 3 7 8
5 1 9 4
1 4 5 5

3 9 1
1 0 3

2 8
8
1

4 0 9 2
1 8 0 5

741
2 6 9

1 0 9 2
2 4 1

6 6
23

1 1 6 6
2 4 2

6 5
2 2

8 6
2 7

8

1 2
7

11
7
4
1

4
11

1 9 9 6 6
5 7 4 8

5 3 8 9
2 2 4 1

9 0 1
3 1 2

9 5
2 7

8

1 0 9 2
2 4 2

6 6
2 4
1 2

:

1 1 6 3
2 4 1

6 5
2 2
11

6
4
1

1 5 3 3
4 0 0
1 0 4

2 7
8
1

1 8 4
91
4 2
2 0

8
1

1 2 5
4 5 4
2 5 7
1 4 8

6 0
2 2

7
1

1

2 5 1 1 4
6 3 9 4
1 6 0 8

0 1 1 1
4 1 5 6
1 4 0 9

3 9 0
101

2 7
8
1

1091
’240

6 7

1161
2 4 0

6 6
0.0, 1.0 4 0 4
0.0, 0.5 1 0 2

0.0, 0.25 2 7
0.0, 0.125 8

2 5
1 2

7
5
1

2 2
11

6
4
10.0, 0.0 1



Table 3. Force Limit Spectrum for Complex TDFS with Q=5
(Normalized By Load Residual Mass Squared a“nd  Acceleration Spectrum)

Ratio of modal Res[clual m a s s  r a t i o  M2/Mf
——

to residual n)ass~l—0.003 0.01
-—

0.03 0.1 0.3 1 3 1 0
m l / M l , rr12/M2 ——

8.0, 8.0
8.0, 4.0
8.0, 2.0
8.0, 1.0
8.0, 0.5

8.0, 0.25
8.0, 0.125

8.0, 0.0

4.0, 8.0
4.0, 4.0
4.0, 2.0
4 .0 ,  1.0
4.0, 0.5

4.0, 0.25
4.0, 0.125

4.0, 0.0

2.0, 8.0
2.0, 4.0
2 .0 ,  2.0
2.0, 1.0
2.0, 0.5

2.0, 0.25
2.0, 0.125

2.0, 0.0

1.0, 8.0
1.0, 4 . 0
1,0, 2.0
1,0,  1.0
1,0, 0.5

1.0, 0.25
1.0, 0.125

1.0, 0.0

0.5, 8.0
0.5, 4.0
0.5, 2.0
0.5, 1.0
0.5, 0.5

0.5, 0.25
0.5, 0.125

0.5, 0.0

0.25, 8.0
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“Iio use tbc force limits in ‘1’:lblrs  1-3, botb ttlc  residual ill]d  lllo(lal  lllilSSCS of Ihc SOL1l’CC  :111(1  loii(l

musl bc known  as a fLlnctioI~  of 11’cqLIcIIcy,  ci(bcl’  11’om a test, fmm an I:l;h4,  or fI om both. f‘1 iM
amlyscs provide botb tllc  mo(idl  anti rcsiciudi  clfcc[ivc  nlawes  (see Section  3.3.4 ). 1 f shaker  or tap
tests arc uscci  [0 mc:lsure tbc effective lmsscs, the sllmltilc(i  11’RII’ of lhc m:lgnitu(ic  of the ra[io of
fmcc  to acceleration sboul(i  be titiicn  as tile  cffcclivc  rcsi(iLuii  mass. as ciiscussui  in Section 3.3.3.

4.2 Semi-empirical Method of l’rcdicting  Y’orcc limits

4.2.1 Rationale

‘1’hc sellli-clll~)ilic:ii  approach to (icriving force limits is bmcci on the cxtr:qmlati(m of intdacc fmcc
(iata fm simiiar  mmnting  s(rudurc :m(i  test ilems. ‘1’i)c  foiimvillg f(mn of sellli-clllj)ilic:li  force limit
fOr sine Or transient (csts  was pmposc(i  in 1964 [3]:

(27)

wbcre f:] is the amplitLl(ic  of tbc force limit, ~; is a frcqLlcncy Cicixmicnt  constanl  wbicb  cicpen(is on
tbc configLlration, M,, is tbc totai mass of tbc lfmi ( t e s t  item),  ami A, is  tbc amplitLlcic  of tbc
acceleration silcciflciition. ‘1’bc form of 1 k]. 27 apimpriatc  for rm(iom  vibration tesls is:

S,, = C’ M(,2 S~~ (28)

whctc  S[, is tbc force spcctrai (icnsity an(i S~~ the iiccclcration  spectral (icnsity.

in [3], it is ciaime(i  that (; seldom cxccc(is 1.4 in coLIplcci  systems of prt~cticai  interest, bccausc  of
tbc vibration absorbct  effect. l:ml~  tbc prccc(iing  anaiysis  of ‘l’l>l;S’s, it is apixucnt  that this claim
imp]ics something aboLlt tbc ratio of tbc imd and  SOLIICe ellectil’c IIIdsscs 01 ttlc cOLIplcxl system.

KM the simple ‘l’l)l;S shown in I:ig. 2, the miinatc of l:ig. 5 may be intcrprctc(i as (~’ in licl. 28.
‘] ’hLIs  a V:i]LIC Of ~~ Of 1.4 COll”CSpO1)((S  lo all OIdilllltC vdllc Of 1.96 ZNICi  all abscissa V:IiLIC, thC IXtiC)
of Io:ici  to soLu’cc  mass (Mz/h4, ), of 1.5. AithoLl@ tbc lcmi :tn(i soLIrcc  cffcctivc masses m often
comparable in aerospace strLlcturcs, sLIcb is not always  tbe case, ,m(i tbc usc of l~qs. 27 or 28 with
(~= 1.4 might resLllt  in Lmicrtcsting  for lightweight lowis mountc(i  on heavy strLlctLlrc.

A rcfincmcnt  of Iiq. 28 follows from inspection of I:q. 19, which is Newton’s  scconci law for
random  vibration. If one takes the cnvciopc  of botb si(ics of Ikl. 19, tbc lcf(-h<in(i-si(ic  is tbc
cnvclopc  of the interface force spcctrLlm,  wbicb  is tbc soLlgllt-after force limit. ()[1 the rigll(-han(i-
sicic rcsLllts tbc envelope of the prmiuct of the lo:i(i  appmmt nmss anti tbc interface acceleration
spcctrLlm. ‘1’his proLiLlct  m a y  be :lll~~loxilll:itc(i  as the frcqucnc  y  a v e r a g e  (tbc :\fc)rclllclltiollc(i
asymptote) of tbc magnit Ll(ic  sqLIaIcCi  of tbc lcmi api)arcnt maw,  times the cnvclopc  of tbc intcrfacc
accclcr:itim  spcctrLlm.  ‘1’bis I“cfincmcnt  of the scnli-cmpifical  approach  was the subject of scvcrai
important papers  in tbc 1970’s [ 10,13 & 14]. 1 lcrcin,  it wiil be awumc(i  ti~at the :is~’mptote  of tbc
magnitLl(ic  of tbc loxi apparcn( mass is cqLuii  to ttlc tot:~i mass below tbc first resonance, ami tbcn
falis ofl as one over frcqLlcncy  at frcqucncics  above the first rcsmmnec, m i s  t h e  case fm tbc rmi

example  it] l(ig. 4 ami for a piatc cxcitc(i  in bcn(iing.  (} lowcvcr, tbc asymp(Otic  m a s s  O f  a bciim

cxcitc(i  in bcn(iing,  falls off as one ovcl” (be sqLMrc root of fl”cq Llcncy.  ) AssLlming a onc-ovcr-
flC(]LICIICy fai l-off  of ttlc asynliMOtic  loa(i mass, lca(is to the following mmiificatim  of liq.  28,
applicable to rdom vibration testing:
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s } ,  ~= L“ h4,,’ SA,,, f-<s,!
(29)

s,, = {:2 1$4,,2 s,,,, / (f / f,,)? ,,S>f

Some judgment  and rcfcrcncc  10 test dat:l  I’or similar colli’igll[:~[ic)[ls  must bc cotlsidcm’d  (() clmosc
the V211LIC  Of C and tlw exponent of (i)f(,) 1 ;q. 29. 1 [crcin  m cmsidcrcd  form dm mca.wrd  al the

i n t e r f a c e  bc[wccn  (brcc  cqLlipIllcn(  ilcws :Ind Ilk. (hssini sp:wxraft  1  Xwclopmcnt “1’cst h4micl
(1 Y1’h4) durins  :]coLM  ic tests.

4.2.2 Validation

f;igLlrc 7sllo\vs:l  scllcIll:ltic  (Jftllc (`;tssilli  sll:iccclill`l\  \'llicl)l \'illl JL`J:lllllcl)c(  lit]()ct()bcr 1997to
:lrI’iVC tit S:I(lII’11 ill  2004.  ];i~lllt  8 S])(JWS  tk’ ]1’1’h4 SIXICCCl”t\f(  C(mfiglll”d  fOJ (JIIC Of SCVC1’ill  :iCOLlsliC
tests in tll(’Jl)l.rc\rclt>eltitl[  l\cc~Llslicctl:illlt>cl  [39]. ‘1’hc thm cqLlipmcnt ilcms w’hicb  were
instrumcnkd  wittltri-axi:il  force (l"illlS(]llCC1  "St> C[\$'CCll  ttlCil` lllC)lllltillg S(l"LlCtLl1"C dthc spwccrdft
rillg-stlil~g,c]  strLlctlllesl~lc:  adynalnic  l]~()(icl  ()~':i  R:i(ii()isc)t(>  ]>c'I't~cI[ll()  cicc([icCi cllcl~l[c)r(Rr  l`[; )

tl]l”CC  Of WrlliCll  ]~I(~\ri(iC  ti]CS]~:iCCCIi[ft  clcc[rical  pmvcr,  (llc’el]git]ccri  l]g]~]ocicl  R:l(ii(~l’l~tsll~:~\V~l\’c
Subsystcm  (RI’WS),  :mi the iligbt PropLllsion h4{Ki11ic  Subsystem liicctmnic  Assembly (PN4SI;A).
“I’l]e RrJ’G\\’ciglltc(l:l~J~lroxi[ll:itcly  i2()it3.  :lll(i\$'ll\  c:llltilc\fcrc(i  (Jtlt\\'iilcif  l(J1ll:\  lll(~LIIltitlgtl rtickct
:lt(:lCtlC(i  :\t fourpointstotbc  S])21CCClilfl io\\’CIC  (]Lli])lllCllt  Ill(XilliC.  ‘1’l)C  R1)V’S wcighc(i

appmximtcly  65 ib. an(i  w a s  atkbc(i  w i t h  Ihrcc (msscs  to the s p a c e c r a f t  l(jT~lcIc(ll\ii7111c11t
mmiuic.  “I’llc  PMSI;A  is a Iargc  clectrwic box wliich also  weigbcd  :~])l)lc)xiJ]l:]tcly  65 lb. and was
lHC)LlJl(CCi2i(  fOllICO1”IIC~S tot]lC  131”0pllki011  JllO(illlC.

l:igure  9 slmws the spectra of tbc total vibralion  ftwcc ucting in three (iircctiom  ill (be
I’hOSIIA/sI~:iccclz~ft  illtClf;lCC[ tlllil~gtl  ~Cl)rl’Ml~ rOtOflIgl~t  lc\’cl;icollstict  cst.l; iglt[c  10showsthc
accclcr:ition spcctrd n]cmuml  at tllc I’M.S1l A/si?:IccCI:tf[  intcrfam  in the acollslic test. l:igLlrc  I 1
ShOWS  tbc! flighI ]’MS]{A  JNOLIJltCd  01)  :1 Sb:lkl”fOJ’:1  \’CI’(iC:i]  Vibl’tl(iOIl  (C St. ~;lgLIIC ]2 Sh(N’S thC
])lilgl]itLICic(rcCiLlcc(t  by4) of the })h4SIiA a]>parcnt nlass Incasuw(i in ;Iprclimin:lry  10 W’-1CVC1
(0.25 G) sine sweep vcrtic~li  axis vibration tcsl. Notice (bat the fLlnCiamcnt;ii  resonance of the
l’h4SIiA in the sbakcr  verticai  test is at :ll>~~r(~xilll:~.tcly  4001 lz, wbcrc:is the fun(iatmmtai  (r:t(iiai)
rcsc)l~:illccofttlcl>MSIiA  l~l[)llfltc(i  {)rlttlc  s~~;lc-ccl;llt  IYI’M (I:ig. 9)is:lI>i>roxi11~:ltcly  looll~.  .rl’his”
Cii Spill’i(y  bCt~’ecl~  [hC fU11(i21JllCJltill  lCSOJ)ilJICC  flUJllCllCICSO1l  (hC flight  S(I”LIC[lIJ’C  2111(i  011 (hC  SblkCI’

istypicai,  and it st]OLll(i(  iisco11121gc:il  ]y01)c” flOl]](lli])ki[l&tt)lit  the shakcrtcsl  is acloscrqlicaof
ttlcficlCi ctl\'il()lllllcllt.  rl'lleg o:li()ff ()rcccc)lltlc)l issi Jnpiy to limit tllc]ll:ixil]]Lll]  lfc)lceolltilc
shaker, to that cstimdc(i  fmfligi)t,  aIKi it must be rccognixc(i ttlilt (he frc(iucncicmsat  w’hicb  this
mmimum force iscxhibitc(i  w)iii  bc(iiffcrcn[  in the ti~~occ)l~figtl]iltio]ls.

Also shown in l;ig. 9 arc the scllli-cl]~l~ilic:~l  verlic:l!  force spccific:ition caicLIIMcci from I ki. 29 ztn(i
tl]cforcc lill)it  tlsc{iiJl  tl)c\’cl’tic;ii  vibl”dtioJltcs[.  Inlhccasc  of the 1’h4Sf{A,  tl]c\’ibr:itic)  Iltcs(forcc
S~)CCifiCiitiC))l  WaSbWC(i C)J1 all CIIVC]O])C oftil~  1]’1’M :tCOllStiC  tCSt lllC:lSLII’C1llCJl tS. (It iS VC~~  LIJILISLlii]

(o bavc systcm acoL]stic [cst  (i:ita  av:til:ible  before the instrument vibration test.) ‘1’hc scnli-empiricai
force sl>ccific:ilioll  is b;lsc[i  oJltl]c:lccclcr;ltiC)ll  s] Jcc(1Lllllilll~ig.  ]olill(i:  \\ ’il]LICO f~OfLlllity.
13cc:tLlsc  ttlc:lcceicrit[  ic)Jls~lccific~[ti()  l)i1]l;ig.  l()(il()llsi  lL25()1i  z,ttlcsc  Illi-clll])itic:  tlfc)rcclilllitis
aboLlt 7 ciB less than tbc vibration test force limit  X 400” lIY. ‘1’hc semi-empiricai force limit is a
rcnsollablc eJlvciopc Oftbc  a c o u s t i c  t e s t  force (iil[il,  p:ll”ticuiatiy  in the JniCi-fI”cq  Llcncy  I“angc  where
stILIc(LIIc-boIIlc  raII(ioIII vibratim  istt]c(ioJlli  Il;lJ][sot]lLc.  It stloLll(ibcll(Jtc(ittltlt thcacomtictcst
{iata:ts  well as the scllli-clll]lilic:ii  force iimit,  which is Jmpmlional tothc acceleration
specification, have a4 (ill margin  ovcrtt]cpmiictc(i  fright ctlvironmcnt.  l:ig. 13 showsthc
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notching, approximatc]y  10 (if;, tiuit  rcsultui  in tile  l’MSIiA  vcrticai ranciom vibration test, when
the shaker force was limite(i to tile vibration tcs( spc.cification in Iiig.  9.

I:igLue i4 compares the scllli-clll~)iriclti  and vibration test vcrlical  force specifications for the
~assini  RI’WS instrLmlcn(  witil the intcl”facc  forL’c’  (iata mcasLu”cci in the IM’M acoustic test. 130th
force spccificaticms cnvciopc  the interlace force (iata pcaiis at approximately 451 IZ in the ra(iiai
(iirection at~(i at 65 IIz in the la(cral  [iircetions. l~igurc  i 5 shows the interface acceleration (iata
mcasure(i  at  the RPWS/IYl’M interface. ~)nc of the hltcra] accc]cv”ation  Illcaslu’ements  grcatiy
cxccc(is  the specification. l;igLwc 16 shows the I{i)WS con figLlrc(i  fol a lateral vibration test. I:ig Luc
17 shows the magnit  mic (rcduce(i  by 4) of the RI’WS apparent mass mcasLIreci  in a preliminary
Iow-lcvci  (0.25 G) sine sweep vcrticai axis vibration test. Notice that the fLlnciamcntal  resonance of
the RPWS  in the shaker  vcrticai test is at :tl~J~l”oxit~l[\tcl)’  250 f 1~.,  whereas the fLln(iamcntal  (ra(iial)
rcsoll:itlccoftllcRl)WS  l~loLlt~tcci  c}~ltllc  si~:icccl:lft  lM’M (I~ig. 14) is:li~i~loxi[~l:ltciy45  11~..’i~isis
(iiscrcpancy  explains why the sc]lli-c[ll~lilic:il  force specification [iocs not roll off until the first
resonance fI”cc]Llcncy  on the shaker allci  why the force specifications 111 ~:lg.  14 mllst greatly  exceed
the DTh4 ciata in the high frcqLlcncy  regime.  l:ig,Llrc  18 shows the Imtching  that rcsLIlkCi  in the fuli-
lcvcl vcrlical ramiom  vibration (cst of the RPWS,  when  tile test force spc.cification in I;ig. 15 was
utili?eci.

l:igLwcs  19 atl(i 20 show the Gssini Rri’(i intcrfacc  forces an(i accelerations mc:isLtrcci  at the
RIKi/IYI’M  itltcrfacc.  The accclcraticm test specification in l~ig. 20 is a very accurate envelope of the
DTM acoLlstic  test ciata.  ~’hc first rcson;tncc it] the ra(iial  (iircction cm the spacecraft IY1’h4 is at

approximately 220 117. (The radial [iircction on the spacecraft is along the RT~J axis. ) “1’he semi -
cmpirical  force limit in l:ig. 19 is fiat to 750 } lx i>ccaLIsc  the first  R“l’Ci  msonancc  in the vcrlicai
vibration test shown in }:ig. 21 w~is at approximately 7S() 11?.. ‘1’he  ~]’~J’S WCIC inhcritc(i h:ir(iware
which ha(i been previoLlsly  qualifie(i to an existing test specification. “1’he force specification in I;ig.
19 was usc(i to justify the extension of the prcviwls  qualification testing to the (;assini  program.
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l:lCilJKIi  7. C2issini  Spacecraft Schematic (Slmwing  subject  PM SliA,  RPWS,  and R-l’(;’s)
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I:IG(JR1l 11. Gssini PMSIiA  in Vertical Vibration  Test
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4.3 l)csign IJoad Verification

III the low f’lcqllency  regime  of sine and Ir;insic]lt  \’ibl’iltioll  testing, the dcsigil lo:id\ lnily  ollcn  bc
u(ilimd  foIforce Iillliting.  In fdct, ttlc objtxtivc  (lflow” frc(]ucllcy  \’ibl”iltiOll ttsting isu~mlly  10
Wrifytht  (}1c  S[l’LICt Lll”L’ Will sLII”vi\Jc  t]lr  I(McIsI()  \\ ’hictl  it u’:i\dcsigncd.  Wittlttlc  i\(l\’Cl\tol”
vibration  force lllCil\Lll’ClllCllt  and limiting, it iscx)sl cfltic(ivc in sol~lc c~lscs  to usr  lo~~’ frL’q LIcncy
vibration  tCStillg  10 Iep]acc [t)c tt”idlliollili  stilli  C IL’s[illg.  II] tl]:(t)y  progr:It)]s,  the stl”LlctL1l’:tl d~’si~,ll
l’crificntion  is ;iccolll~>list)c(ll)y  ;iIlilly  SiS, using }li#lrrdcsigt)  I))argi])s  th:lll  1~’ould  bc Llscd 1-01:1
structure which w~ill bc ~’crificd  by test. (Jsc of;l  l(~\\r  frt’qucncy vibr;ltioll  Icst for design
VCI’iflC:lti(Nl  Wiil rdlm ttlccwsts  of:lllill~Si  S alldcllablc  tbc Stl”llctlllr  tobc dCSi~Id \\’lth  ]CSS

m a r g i n ,  \vhich  C:II1 bC tl’dll Sl:ltC(i  intocvst  and \Yci/,tlt Sil\’illgS  :111(1/01” into illCICi\\Cd ~lCl”(”Cll”lll~lllcC.
As in the caw of high frc(]wncy  rtIIl(k)IH  vihation  tcst~,  the test f(HLc limit in dc’sign  ~crificati[)r)
tCStSllSLlilll~  iIIC()l"[)()I'iltCS  S()IllC  Ill~l[`gil) ()\rCl"  tllL`CXJ)CC(C(l  flight  10:1(1.  l;olcx:ltt]l)lc,  iftt]ccx~)cctc’(l
fligt]t  lill~it  isti\kc]);  istlIlity,t  t)ctcst]  ]):lxi]l)LIIlll  ();l(ll))iglltt)c  1.2, ;lll(ltll(’  (lCSiglll[)ilCl  1 . 5 .

4.3.1  Q u a s i - s t a t i c  and (;ouplcd ].oads

];:ll”]y  ill(llC J)~ogI’;llll,  ttlC(lCSi{:ll  ]();l(lS  ilI`C`()ftCl)  ~i\'C'l)  il\il``(]Llil\i -Stil[iC'' accclcl;ltion  of the U; of
t h e  tcsl itcm. ‘1’hc qLl:lsi-sta(ic  lds typic:lliy  cOmbim’  the skady  IO:KIS dssmi:itcd  ui(t) the
ii~c~]~l’iitiol)  O f  Ihc I’OCkCt at ]ittll]Ch  With  the IOW” fl”L’(lllL’l)Cy  It’iitlsl(’]]ts  duc  to ]ilLlll  C]l Vctlic]c  S[ii:<it]g
iill(t  low frcqllctlcy  acrodywimic  Io;ds  ilsS(}CiiltCCi  with gusts, buffeting, etc. ‘1’hC (jllil\i-S(:ltiC  10:1(IS
aIL’ intcrpretc.d  by the designer il\  shltic  10 Lid\. ‘1’t~Clc.folc.  ttlesC qli:~s i-static ;\CCCl~liitio]~\  i~le
ll~ultiplicd  by the total nuiwofthc  test item toobtilil]”  ttlc app]icd ICNKIS uwd f(~l~>lclil~~il~i~ly  design,
fOl’ selecting tllC fa$tCllCl”S, CtC. ‘1’tlCSC  qLlilsi-SliltiC  il(’CCIC1”iltiO1lS  :II”C’  obtained fl’t)lll  p:l~[ expel-irncc 01



from semi-empirical cmrvcs  dcvc’]opcd  for diffcrtmt l:luncl]  vchiclcs  d sp:lcccr:ill  c(JllligLll:Ltiolls
[40].

1 ,:ttcr in the pro~[ am, the low lrLxlucncy  loiids  used 1’01 design :in(l  for wl:~lytical  verification of the
designs arc refined by andlysis ()!couplcd  finik  clclncn[ IINMICIS  (f ‘liN1’s)  [4 1]. ‘J’hc spacccIal_l
lo:lds  ale determined 1-1-011)  ii Coupled Spdcccraft  ancl I:lllllcll  v~’lliclc InOdcl, ;111(1  liitC1’  the cquipncnt
IO;KIS  NC dclcmincd lwn]  a coupled cquipnlcnt  :Itld  ldunctl \’c}liclc  ndcl. Obliowsly  lhc validity
of the l‘1 Nl models  depends on tk skill of the Inmlclcr  aI~d upOII  tlK :Iccumcy  01’ the in fOmutiOn

usd 10 dcwlOp  the mdel. Mm’ sq)histicd[cd  mmtcls  am used :IY the progranls  II I: LtuIc. I;of

cx:unplc,  in prclinliwuy  unalyscs 01 a spxwldll,  nluch 01 the cquiplncnt  nl:~y  bc ndcld  as a
lunlpcd  Ina$scs  at the cquipncnt  (C>s. II] this cuw, tllc  Calrllliltccl  10 I’CCS at  ttlc  Spcecraft  :11]([

c(juipmcn(  interfaces :Iw only valid at Jqwncies  klow tlw first rL’sonaIIce  frequency  01 LIlc
equipment.  I .:ltC1 in tllC ]11’()~1’iilll,  ttlC C(]llil)lllC1lL  Ill:iy IX’ I“c’pl”c’scll(cd by COlllpl  CX l“li  A4’S.  1111( C\’Cll
these ndcls  arc usual Iy wilid on] y in ttlc fkqwncy  k’gi]~lc  ct)conlp:lwing  the first  Jt’w modes  of
the cquiplncnt  in e:icl  I axis. One objcctiw of couplul  loads wIlyscs is to nwximix  the upper
fIcqLIcncy  limit of the mmkl. ‘1’hc vdlidity  of (Iw models is t)f(cn w.ri ficd :md cxtc[idcd  to tligtlcl-
frcqucmcics  by refitling the models with nmd:ll  test datd.

Althmgh  it is relatively c:isy to pr~’diet the (’(; accclcr;ilion,  i( is difticult  w itnlmsible  to Incawc
[Ilc ticcc]cration of the Ui with :Iccclcrolnctcrs  in ii \’itll”iltioll  test. Sometimes tllc  CT; is
inacccssiblc,  or there is no physical structuk’ ut ttlc’ (’(i location on which 10 nlount an
dccclc IonKtcI.  }lowcvc  I, tlwrc is a mm scrimls ])lchlcll]. (h)ly  in [he caw Of d li~,id  tmly is the
(“(; a fixed point on (he slnlctuw.  Once (t~:fol[ll:itiolls”  :Ind wsondnccs  :itd  occur,  it is inlpossible  to
nwasuw  tk (X; accclcldtion  with :m accclcIonlctc  I. (lll~i)ltllll~itcly,  dttcmpts to In C: ISLIIC  the CG
:iccclerdtion wit}l an ilCCC’l C’I’O1l  K(CI” usmlly O\’crcslilmle  Ihc (’G l“Ls.spOmsc al I“cswlallccs, sO linliting
Itlesc  IIlCiI\LIIC’IIlCIItS (0 tllc  C’(; criterion \\ill rcstltt  itl :111 undcrtcst.  1 lo\ve\’cr, tllr (’(; acceleration is
uniquely  dc(crnlincd  by dividi[lg w] intcl-fdcc  forc( IItc:lwtrc.llwtlt  by tlIc tolal nmss of the ICSI itclll,
pcl” Newton” s second law.

‘1’hc non-fixity  of the Cci of a dcfornuib]c  body is dcllmnstutd  \\ ’i[t]  aII Cx:itn])]c  in }:ig. 22, which
illustta(cs  (he third vitwdtion  ndc of a tilt-w-nldw, twwsping vitmtory  systcn~.  I’hc maw  value
of the nliddlc lllil\S  is twice ttla[ of [tic clld Illasscs :Ill(t the tu’o springs dl’c identicdt. ‘1’k Lll)pcl
sketch in l;ig. 22 sho\vs the systc-m ;It k’st with the (’(; clc;~rly located at the ccntcl’ of the middle
mdss. ‘1’JIc  lmvcr sketch  in f;ig. 22 shows  the sysIi’JIl  displxxxt  in its thid ndc, \\’i[tl the Iniddle
In:(\s moving  onc unit to the left and the two cnd I nawes  both nml’il~g  one unit to the ri~llt. (’1’hc
flrs[ mode itlvolvcs rigid body t[ansldtion,  and the second nwdc  in\ol\k’s  zclo motion  of tk middle
nl;iss  and the two end nl:~wes  Inoving an qual :Inl(nlnt  in opposite dilution s.) It is a ctuiuctcris[ic
of modal motim that there at”c m) CXICIIWI fwces :Icting, s() by h’cw[on>s second l:iw,  the Inod;Il
displaccnlcr~t  iltus[ratcd  in l;i:,. 22 cdn’1 involve rll(Miorl  of the CC;. }Iow’cvcrj  since ttlc  middle
In:iw, :IS well a~ tk end nlasscs,  :IIC moving, the C’(; is not :it a flxcd point in the system. Clc:Idy,
orw cou]d not attach an accclcrolwtcr.  a( the (’(i pwsiliorl

‘1’hc difflcu]ly of measuring the [X; ;Iccclcrdtion  \\’itll  dn accckrunctcr.  is furttw illustukd  with
data obtairlcd on the Rf’WTS illstlurncn( (1 ‘ig. 16) in the Cassini  spdcccraft  1 NM acoustic test (};ig.
8). l;i~,urc  23 is a schenuitic  of the Ca\silli  RI’WS instwnwn[  shown  in l;ig. 16. in the Cdssini
1 YI’IM sp:lcccraft  acrostic tcs[, the RPWS w;is imtmrmwtcd  with t[i-mial  forw tt:msduccr”s  twtwwcn
the irlstrunlcnt d spxcclafl.  (See folcc (tilttl  in 1 ‘i:,. 1 4.) II) xtdition  to ttlc intcrfdcc
accelcmmctcrs,  Ihcrc wws alsO [L t[i-:lxi:il  dccc!cw] mtcl 10cdd  :Il)])l{)xir])lltcly  al the CG of the
R1’WS imstmt]wl]t,  in the spacccr:ifl  IY1’ht acoustic  (est. (See positior]  23 in }:ig. 23. ) I:ig. 24
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shows the ratio of the total  cxtcmal  radial form to the radial CG acceleration for the RPWS  in the
DTM spacecrall  acoustic test, and l;ig. 25 shows the c{)l[cs~~c)ll(ii[~g  ratio for a lateral axis. If- the
tri-axial accelcromctcr  actually nlc:lsurcd the Ui accclcration,  the curves in both l~igs. 24 and 25
woLIld be fl:it  functions of frcqLlcncy equal to the total weight of [hc RI’WS, ~{~ll>](~xilll:itcly  65 lb,
in the spacecraft r~idial direction l~ig.  24 shows that the ratio of force to acceleration falls ofl
rapidly above about 1601 lz.. (I:ig.  17 shows that there is an RI’WS Icsonancc  at approxinlatcly
160 I 17 in the RPWS  vertical direction which corrL’spends to the spacecraft radial direct ion.) ]n the
spacecr;tft  lateral direction, I:ig. 25 shows that the ratio falls oft above 501 Iz, which corresponds
to a lateral resonance of the RPWS on the Spacccf’af-(. l’hal the I1lCWU1’IX1  ra[im  of force to
accelcrat  ion are less than the total weight ind icatcs that the Incawavd  accclcrat  ion\  arc greater  than
the trLlc [Xi acceleration at the higher fmqucncics.

3’I]c cxanlples  in I~igs. 22-25 demonstrate the problems and dangers of using an accelerometer to
nlcasurc  acceleration of the Hi in vibration tests. It is for this reason  that (X3 response linliting  and
quasi-static design verification have been difficult, at bcs[, to inlplcmcnt  previously in vibraticm
tests. 1 lowcvcr,  with the a~ivcnt  of piczo-electric. tri-axial  force transducers, these nlcasurcmcnts
become  striiigllt-forwitt(l, and the use of vibration tests for design verification bccolncs  very
attractive.

4.4 Force limiting Vibration Exan~ple--AClt CRIS instrument

I;igLwc  26 is a photograph of the ACUIi sp;icccraft ~k~snlic  Ray lsotopc  Spcctrolnctcr  (~RIS)
illStlLllllCIlt  Inountcd  011  a Shakcl  for a VC1tiCa]  VibI’iitiO1l  t e s t .  ‘1’hc  instrllmcnt  is nlollnted  011  twelve
uni-axial  force transdLlccrs,  which stay with the inslrLllncnl in tlight and record  the lift-off \fibratory
forces.

I:i.gure 27 is a sprtmdsbcct  for calculating tk force limits tbwc  ways: the simple ‘l’l>l;S method, the
complex ‘l’l)l;S method, and the semi-empirical method. “]’hc spreadsheet is linked to Iiqs. 20 ancl
21 for the sinlple  l’l~l~S calculation and to l’ablcs  1-3, plus an intcrpo]a[ion  routine, for the
conlp]ex  ‘] ’1)13 calculation. A valLIc of Q of S(), 20 or S, corresponding to ‘1’ab]cs 1, 2, and 3, must
be chosen for the complex  ‘l’l)l;S  calculation. ‘1’hc force lin~its arc calculated in one-third octave
bands from 40 to 10001 lZ (’1’his  frequency range  is typical for an instrLlnlcnt,  but n~ight  include
10WCI  frequencies in the case of a spacecraft test.) ‘1’here is no(hing sacred  about one-third octave
bancts. Onc  COLIld  cbmsc  one-tenth or alternately, oct:i\c bands, since specifications are relatively
snlooth  functions of frequency. (It should be noted that the width of the notching is set by the
shaker  controller analysis bandwiclth,  typically 51 Iz, for random  vibration tests, not by the
specification bandwidth.) ‘1’hc inpLlt  acceleration specification lnLlst  be entered for each one-third
octave band. (Recall that the force limit  is proportional to the acceleration specification for all three
nlctbods.)  The remainder of the inpLlts in the sprt:adshect  dc:il  with the strLlctLlral  inlpcdancc
characteristics of the load (the test item) and of the source (the n~ounting  structure). I:OJ both the
loaci  :tnd source, one must enter the residual weight and the nunlbcr  of I11OC1CS in each one-third
octave band. lllc spreadsheet calculates Imxliil  weight,  and then the force linlits are aLltonlatically
calculated using the three :ifc)lclllclltiol~c(l  nlcthods.  ‘1’hc residual weight information nu~y be
clctcrnlincci  from test, l~flM,  or a combination of these. In this example the in for[uation  w;is
determined from test data.

I;igurc 28 ShOWS  the magnitude of the :]]~pa~cnt  ] [Iiiss of an ACf 1 s])iiccc~aft  hoI~cycol~lb”  paIIcl
nlcasLmcd in a tap test at one of the ~RIS instrLlnlcnt nloLlnting  locations. (rl’his type of test involves
tapping at the selected point on the panel llCiil  an accclcrotnetcr  with a snlal I hanlnler  which
inCOI-pOlatCS  ii fOICC tlans(luCCl,  N](1 USi[)g  a two Ct)itnnCl  flcC]LlcnCy all~lyZCl  to COIllpLltC thC
lIMgIlitLl(]C  Of thC iippalel]t  lll:lSS.  ) ‘]’hC 21pp;ll”CIlt  l[lilSS data  iil’C SI1100thCd  ill fIUjUC[lCj’  to C0111J3UtC
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the asynlptotic  valLIc, which is taken as the residual m:iss,  as discussed in section 3.3.3. The
asynlptotic  val Llc in l:ig. 28 rolls oflm onc over (rcq Lwncy  squared  :ibove 50 }17,, which is
clwxtcristic  ofasprillg.  BC1OW 50 lIz,  (I1c npparcnt  nlass looks like a mass,  but it is known that
the cohcrcncc  fell off below 50 I l?, so the d:~ta  below 50 11~ are suspect. ‘1’o obtain the residual
n]:iss  of the sOLIrcc  for the sprtxlshcct,  the data in I:ig.  28 was nlLlltiplicd  by four to approxinlatc]y
account for the n~Llltiplc  (twc]vc)  nmunting  points. (At low frcqucncics,  the rcsidLud miss shou]cl
approach the tot:t]  miss 01 stiff ness. ) In the I;ig. 27 sprcadsbcct,  it is ass LImcd that there is onc
source  tnodc in every one-third octave band, so the dccrcasc  in the resid Llal ~nass  in each b:md
bcconlcs  (I1c average nlodal mass in that band. (When f~l~M infornlation  is used, the nunlbcr  of
significant lnodcs in each one-third octave band :II°c coLultcd.)

};igurc 29 shows t}lc lwignitudc  of the app:ucnt  nuiss  of the CRIS  instrLlnlcnt  IncasLucd on the
sh:ikcr in l~ig.  26. ‘1’hc app:{tcnt  mass has the chwxtcris[ics  of a vibrating pl:ltc m rod driven at a
point, i.e. it is cqLMl to the total mass below the first rcsonancc  frcqLlcncy and then rolls off like
OllC  OVCI fL’C(]LICtlCy.  (See SCCtioI)  ~.~.~.)  “]’hc a s y m p t o t i c  V:ii LICS ill  ];lg. 2!) arc  Illu]tip]icci  by fOLll to
scale to onc <; of inpLlt, and cntcl”cd  as the load l“csidual 111:1ss  in the Sprcadsbcct.  (Notice that the
roll-off of the asynlptotic  mass is started one-third octave bid below the resonance frequency in
I;ig. 29 to gcncratc  some modal mass at the first  rcson:lncc  frequency.) It is :dso assunlcd  that there
is onc mode of the load in every one-third oct:lve  band  ahovc  the first rcsonancc  frequency.

“J’hc plot in I:ig. 27 shows the force limit calculntcd  with ct~ch of the. thrc.c nwthods,  using a
cons[ant  (; = 1.5 in Iiq. 29 for the sc~~li-cl~ll~ilic;il  method. in this case, the semi-empirical n]cthoc]
approximately splits the difference bctwccn  the two ‘l”l)l:S n~cthods,  with the simple ‘1’1)1;S  method
giving higher Iinlits  below the firsl  rcsonmcc  :ind the conlp]cx  3’lJI:S tncthod  giving higbcr  linlits
above the first lcsonancc.

I;igurc 30 shows the total vcrlical force limited to a force specification in the pmtoflight  vcrtica]
rmdom  i’ibration test of the CRIS instmmcnt  shown in ];ig. 26. ‘1’hc force specification actually
used in tllc test, which is shown in l;ig. 30, is very silllilar to that predicted with the scnli-empirical
method  in tt~c sprcadshcct  of I:ig. 27. l;igu I-c 31 SIIOWS  the notch in the acceleration inpLlt  which
resulted fronl the force linliting  in I:ig. 30. [kml~ulrison  of force linlitcd and unlimited data fronl
low level rLuls indicates that the notch in the accclcr:ttion  spcctrLun  which rcsu]ts fronl force linliting
is t ypica] 1 y the jnin or i fnagc of that portion of the force spcct rLlnl which woLIIcl }KIVC CXCCCCICCI  the

force limit, if no limiting were implcmcntcd.  Notice the asymmc[tic  shape of the notch in I:ig. 31.
It is characteristic that the notch, as wc]l as the unlimited force, arc steeper functions of frequency
above a rcsonancc  than below it. ‘1’his is in contrast to manLIal  rmtchcs  which arc LISLIdly  dcsi~nc(]
to bc symmct ric.

‘]’hc AC3 i spacecraft instrunlcntat  ion inc]lldcs  :1 s~)ilccclilft  ] ,:iLIIICh Accclc)~lt  ion Mca\Llremcnt
(SI.AM)  data acqLlisition  systcm to nlca\LIrc, record, and transn~it dynanlic  clat:t  at launch of the
spacecraft on a I~clta ]aunch vchic]c. ‘1’hc S1 ,AM il~stILltllcflttltio~~  includes a channel for the high
frcqllcncy  (20 to 2000 I Iz) acceleration lllC:lSLllC’d  norn)at to the spacecraft honcycolnh  panel near
Onc of the twelve JlloLlnting  feet of the C:RIS inslrlllllcnt and also :1 channel for the total  nc)rnla]
force n]casurcd  Lmdcr  the twelve nloLlnting  feet of the ~RIS instrLln~cnt.  (’l’he ~RIS instrLuncnt  is
lllOLllltCd 011 tWC]VC lllli-aXl~ll fOICC tl’allSdLICCIS,  ilil(] thC OLltpllt  of thCSC tltUISdllCCIS  iS SllllllllCC1.)
l:igs. 32 and 33 show the spectral dcmsitics  of these acceleration iincl force data nlcasure(i  during
the prototype ICVCI acoustic tcs( of the AC;I; sp:icccr:lft  at NASA Goddard  Space I;light  ~cntcr
(GSIi~).  ‘1’he ~RIS acceleration spcctruln  in I;ig. 32 nlcasuwd  in the spacecraft acoustic test is
approxinlatc]y  an order of nlagnitLdc  Icss than the C;RI.S randonl  vibration tc.st acceleration inpLlt
spcctrLlnl in l:ig. 31. This is unusually conservative, particularly when it is considered that the
acoustic test spcctrLlnl  is probably a conscrva(ivc  envelope of the flight acoLlstic  lCVCIS.  The ~RIS
normal force spcctrwn  in l:ig. 33 measured in the sp;wccraft  acoustic test is approxinlatcly  two
orclcrs of n)agnitLldc less than the ~RIS rtindoln \’ibration test force linlit spcctrLlnl  in I:ig. 30. One
order of n~ag,nitucle  of conscrvatisnl  in the force specification can bc attribLltcd  to the conscrwitisnl
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5.0 lnstrumentatim And Testing

I Icrcin arc desciibcd  IIv.2 charac(cristicx  and usc of JJic7.o-clccltic  force trwlsducers  and other
irls(rLII1lctlttttioll  cnlploycd  in forrc limited vibration testing. Some inlportallt considerations in the
planning and conduct  of the tests arc also discussed.

5.1 IBiczo-electric l’orce ‘1’ransduccrs

“1’hc  usc of piczr-electric force transducers for force lirnitcd vibration testing is highly
Icconlnlcndcd  Over’ Othc[’  types of fcwcc  lllcasul’cn)cnt  Illcal)s  Sllcb as strain  trmsdllccr’s,  W’lMtLllC

curmmt, weighted accclcmnc(ers,  etc. ‘1’IIc historical mvicw  in %ction  2 tcachcs  that the basic
concepts and nlc[hods of force limited vibration testing were cspousccl and rccommcndcd,  some
twenty or thirly ycam ago. It is the :iuthors belief that the prinwy reason  that force lin~iting  has not
been previously acccptcd  and irnplen~cntcd  on a rx)Lltinc basis was the lack of a lwactical  force
rnc:lsurcrncr)t  device, p]ior to the dcvclopmcnt  of the piczo-elcctricj  tri-axial  force  tIansdLIccr.  ~’hc

advent of these trar]scl  Llccrx has nladc  the nlcasLlrtnlcnt of force in vibration tests almost as
convenient and accurate as the I ncawrcrncnt  of accc.lcrat  ion.

‘1’hc  high dcgr’cc of ]incarity,  dynamic  rmgc, r’igidity,  and stabil ity of qLIaIlz  mak it m cxcc]knt
pic~,o-c]cctric  n~atcrial for both accclerornctcrs  and fo]cc transducers [ 16]. Similar signal
processing, charge amplifiers and voltage arnplificrs,  may bc used for piczo-electric force
transduccrx  and accclcronlctcrs.  110WCVCI,  there arc several important differences bctwccn  these
two types of nlcasLlrcrncr~t.  I:orcc tr:insduccrs  nlust bc inscrlcd  bctwccn  (in series with) the test
itcnl and shakct  anti t hcrcfcwc the y require  special fi xt u[cs, whereas accclcrxmctcrs  are placed upon
( in parallel with) the test itcnl or shakcl.  ‘1’hc total force into the test itcnl frml scvc;:il transclucerx
placccl at each sh:ikcr  at t achn~cnt n]ay bc obtained by si rnp] y using a jLrr]ct  ion to add the char’gcs
bcfcmc  they arc converted to voltage. On tbc otbcj  hand, the output OF scvcrd  accckmmctcrs  is
typically averaged rather tharl surnrncd. ]:inally, JJic70-electric force trwlsdLlccrx  tcn(i to pLlt  out
nmrc charg,c ttm piczo-clcctr’ic  accclcmnctcrs  bccausc  the force transducer crystals  cxpcticnce
bighcr  loading forces, so sornctimcs  it is ncccssary  to usc a charge attcnuatcm between the force
transducer arlcl t}lc charge amplifier.

S.1.1 IJorce T r a n s d u c e r  Preload

Picz.o-electric force transducers n]ust bc prcloadcd  so that the trmsduccr  always operates in
ccnnprcssion.  ‘J’hc ttansvcrxc  forces  arc carried through the force  transducer by friction forces.
‘J’hcsc  transverse fcmccs  act intcrmally  bctwccn  the quarl~. disks inside the transduce.r as WCII  as
bctwccn  the Cxtcriol  Stcc]  disks ancl the lnatirlg sut’faces. Typically  the nlaxinlunl  transverse load is
0.2, the coefficient of friction, tirncs the cornprcssivc  prcload.  1 laving  :~ high prc]oad,  and sn~ooth
transdLlccr arlcl nlatirlg surfaces, also rnininlizcs  several cornrnon  types of transducer nlc~sLwcrncnt
crmr’s, e.g. bending Inorncnts  being falsely sensed as tcnsiordcornpr’cssion  if gapping OCCLIIS  at the
edges of the ttansducci f~ccs. I Iowcvcr,  using  flight hardware  ard fastcncrx,  it is usually
impossible to achicvc  the nwlufactLlrcts  rccomrncrdcd  preload,  so sornc calcLllatior]s  arc necessary
to ir~sLmc  proper pcrforrnancc.  Sornctirncs  it is necessary to trade-off trmscluccj  capability for
preloacl  ancl dynamic  load. (This is often the case if there arc large clynarnic  nv3rncnts  which can’t
bc clinlinatcd  by designing the fixtLlr’cs  to align the load pfiths.)  7%c t}wcc rcqLlircnlcnts  for’ sc]ccting
the prcloacl  arc: 1. it must bc sufficient to carry  tltc  transverse loads through the trar]scluccr  by
friction, Z. it nlList  bc sufficient to Jx’event loss of compressive prcload  at any point on the
transclL1ccr  faces duc to t hc d ynarnic  forces and nmncnts, and 3. it nlust bc lin~itcd  so that the
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nlaximunl  stress on tbc triinsdLlccr  dots not cxcecd  that associa(cd  with the nlanufactLuw’s
rccon]nlcndcd  nlaximunl  load con fig Llrat ion.

‘1’ransdLIcc]  prcloading  is applied using a thrcadcxl bolt ol  stud which passes thr(ough  the inside
clianlctcr of the transducer. With  this installation, the bolt 0[ stud acts to shunt past the transducer a
small pcxlion  of any sLlbscqLlcntly  app!ic[i  load, thereby effectively rc(iucing the transducer’s
sensitivity. (hlibration  d:ita for the installed  transducers k aV:lililb]C  flom  the Illallufactlllc’r  if they
arc installed with the numLlfact  Llrcr’s  standard  nmLln[ing  hardware. Othcrwisc,  the transducers must
be calibrated in situ as discussed in the next section.

5.1.2 l~orce  ‘J’ranstlucer  Calibration

‘J’hC fOICC tl”EtIISdLICCI  Ill~1111f~CtllK3”  pI’OVi(lCS  a llO1lllIld  cal lbI”illhll  fOI’ C:IC]l t I“:HIS(]UCCI’,  but  thC
s e n s i t i v i t y  of installed units depends on the si~,c  an(l  installation of the bolt used for prcloa(ling  aIId

therefore must be calculated  01” rllcaslltcd it] situ. ‘Ibis nlay be accornp]ishcd  cithcl’  CILl;~sl-StiltiC:illy
or dynmnically.  LJsing the transdLlccr  l~~:~IILlfi~ctlllcl’s  chat’gc  amplifiers ~ind a low noise cable, the
transducers will hold their  charge  for many  bouts,  so that it is possible to calitwatc them statically
with weights or with a hydraulic loading n~achinc.  If weights are use(i, it is Icconllncndcd  that the
calibration be pet’fotmcd by loading the trarlsduccrs,  rc-setting to short-out  the cluagc,  aJKl then

removing  the load, in older  to nlininlizc  the transient overshoot.

‘1’hc simplest nlcthod  of calibrating the transducers for a force limited  vibration  test is to conduct a
preliminary  low-level sine sweep or rwldonl  run and to conlparc  the appawnt  mass nwasuwd  at
low frcclucncies with the totat nlass of the test item. ‘J’hc ~ippropriate  apparent  mass is the ratio of
total force in the shaker  direction to [he input accclc[’ation.  ‘1’hc Conq?ar’isorl  nlust be nlade at
frequencies nluch  lowcl  than the first  Icsonancc  frcqLlcncy  of the test itenl. ‘1’ypic:tlly  the nlcasLlrccl
force will be approxinl:itcly  80 to 9(W  of tbc weight in the axial direction and 90 to 95% of the
weight in the latctal clitcctions, where the prcloa(iing  bolts arc in bcmling  rather  than in tension or
conlpression.  Alternately, the ciilibration corrcctiori  factol’  CILIC to tbc tuanscluccr  prcloadirlg bolt
load path nlay bc calcLilatcd by p:irtitioning the load through the two parallel load paths according to
their  stiffness; the transciucer stiffness is provide(l  by the i~l:trlllf:ictLllct,  and the lMcload  bolt
stiffness in tension and conlprcssion  or bending lnLlst  be calculated. (’1’he conll)liancc  of any
stILlctLH’c in the load path between the bolt and tf”atlsduccr’  Inust  be added  to the tl’ansduccl’
conlpliance.)

S.1.3 l’orce Transducer Signal Conditioning

It is strongly rcccmlmcn(lecl  that the ~;i force in t Ilc shaker cxcit at ion direction be measured in a
force lin~itcd  vibraticm test. ‘1’hc total force fronl  ii nun~bcr of transducers in palallcl  is rca(iily
obtainccl  using  a junction  box which effectively SLIINS the charges, and therefore the forces,  before
conditioning the signal with a charge  amplifier.  (An alternative is to specify limits for the force at
individual attachnlent  positions as in the case his(ory in Section 6.1 .2. ) ‘1’hc sanlc charge  amplifiers
used for piczo-clccttic  accclctxmctcrs  may be used for fo]cc transducers. 1 lo\vcvcI,  the charge
anlpliflers  nlade  expressly for force  transducers offer  a choice of tinlc constants, so th{it  cjuasi-static
(tinlc constants of nlany  hoLIrs)  nlcasurcnlcnts  of bolt preload,  etc. nmy be obtained, as well as the
dynamic nlcasurcn~ents one usually associates with picmclectric  transcluccrs. Also the charge
anlp]ificrs  llladC expressly fol force transdllcers  usLuilly  have the capability to acconunociatc  higher
charge  inputs, which arc characteristic of force transducers. I lowcvcr,  charge attenuators arc
rcaclil  y available if they arc nccdcd.
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Since vibration tests arc normally conducted sequentially in three pcrpcndicLdar axes, it is
convenient to cnlploy  tri-axial force transdLIccrs.  in addition, it is sonlctinles  necessary to linlit  the
cross-axis force and the nmncnts in addition to the ill-axis force; this is particLllatly  the case in tests
of liirgc ccccntric  test itcnls sLIch as spacecraft. I:or these applications, the six force resultiint forces
anti nlonlcnts  for a sillglc node nlay be IllcasLII”cd  with a combination, ccmnlcm]y  fOLlr’,  of tti-aXial
force  tlNISCiLICCIS  and commercially available voltage SLI1lIIIIC1’S  Ill:UIUfaCtLll’Cd  expressly for’ this
PLII]M3SC.

5.2 Test Y’ixturcs

5.2.1 I)esign Concepts

‘I”hc prcfcl”rcci  nlcthod  of configuring the for’cc transdLlceIs  is to sandwich one tr’ansdllcer  bctwccn

tbc test item and conventional test fixture at each attachtncnt  position and use fasteners which  are
longer  than the conventional ones to acconlnlodatc  the height of the transdLlccrs.  in this
configLuation, there is no fixtLlrc  weight above the tl”ansduccrs  and the transducer’ force is icicntica]
to the force into the test itenl. Sonlctinlcs  the preferred apprwich  is inlpractical,  e.g. if there are too
nlany attachment points or the att~ichnlcnts  involve shear pins in :iddition  to bolts. In these cases it
nuty be necessary to usc one or n~orc light-weigh(  intermediate adapter plates as an interface
between the test itcnl and the force transdLlccrs.  I;or cxanq)lc,  if the test itcnl n~ounts at three feet
ancl each foot involves two bolts and a shear pin, a candidate design woLIld be to have a small plate
attached to a big stud for each foot. ‘1’hc stmill J~latc  would pick up the two mounting bolts and
shear pin, and the stud would go through zi medium si zcd force transducer into a shaker adapter
plate. Alternately, if the nlounting  configuration involves sixteen snlall bolts in a circLdar pattern,
the fixture nlight consist of one intcrnlccliate ring which accepts the sixteen snlall bolts and is
nlounted  on eight ccjLudly spaced force transducers

5.2.2 Fixture Weight Guideline

The recoll~~t~e~lclatiotl  is that the tot:il  weight of an y intcrnlcdiate  aclaptcr plates above the force
transdLlccrs  do not exccccl ten percent of the weight of the test itcnl.  ‘1’his linlitation  is necessary
because the force transducers read the sLlm  of the force required to accelerate the intcr~ace  plate ancl
that delivered to the test itcnl. If the fixture weight exceeds the 10% criterion, force linliting will
only be uscfLd for the first onc or two n]odcs in c:icb axis. [Jsc of a circuit to subtract the interface
plate force in real tinlc, is not rcconlnlcndcd  because of the errors that result when the interface
p]atc is not rigid. The LISC of arnlatLlrc  cLlrrcnt  to nlcasure  shaker force is also not generally  Llsefu],
because the weight of the artnaturc  and fixtLac typically arc nlucb greater than 10% of that of the
test itenl.

5.2.3 Mass Cancellation

If an internlcdiate  plate is used and the plate n]ovcs unilateral y as a rigid bocly,  its accclcrat  ion nlay
be n~easuled with an accelcronlctcr  and subtractd,  in real tinlc fronl the gross force nlcasLlrccl by
the transducers underneath the intcrnlcdiatc  plate to obtain the net force dclivcrcd  to the test itenl.
This approach has been utilizccl in a number of relatively simple tests, but is not recommended
because of the possibility and consequences of errors. As the frequency approaches a resonance
frequency of the intermediate plate on its n]ounting,  the phase angle of the p]atc acceleration and
app]ied force changes sLIch that the aforementioned Cancc]]ation  scheme  C]OCS not work and may
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inakc nlattcrs  worse. Also, the additional itlstlLlj~~cl~t:~tiol~  nccdc(i  to implement lhc mass
canccllaticm  s c h e m e  gives riscto  it~CIC:~sc(lClcC~tiCi\l  n o i s e  and pmsibility  of set-up  crew.

S.3 Testing Considerations

S.3.1 C r i t e r i a  l’or l’orcc l,imiting

“J’hc  pLIrposc of force Iinliting is to rcdLicc the response  of the test itcnl at its resonances on the
shaker  in order  to replicate the response at the conlbincd  sys(cn]  rcscmanccs in the flight nmLlnting
configuration. l@rce linliting is most useful for strLWurc-like test i(cms which exhibit distinct,
lightly danlpcd  resonances cm the shaker. Iixamplcs  arc complctc  spacecraft, cantilevered strL[cturcs
likC tclcscopcs  atld antennas, ligtlt]y  danlpcd  asset nb]ies  sllch as cold stages, fl”itgjle  optical
components, and equipment  with pronounced fllll(lillllCIltal  nlodcs  such as a rig, id stlucturc  with
flexible feet. The amount  of relief  available fronl fore’e limiting is greatest whe]i the strLlctural
impcdancc  (effcctivc  nlass)  of the test itcnl is equal to, or grca(cr  than, that of the nlounting
strLlcturc.  ~]owcvcr,  it is rccon)nlcndcd  t~]iit  notches dccpcr  than ] 4 (i~l not be inlp]cnlcntcd  WjthOllt

appropriate peer  review. l;orce linliting is nmst beneficial when the penalties of an artificial test
failure are high. Sonlc(imcs  this is :iftcr an initial test failutc  in a scrccning  type of test.

5.3.2 ‘J’cst P lanning

Several considerations need to be addressed in the test planning  if force lin~itillg  is to be ctnployed
l~irst the si~,c,  number,  and availability of the force trar]sducers  need to bc idcntiflcd  as well as any
spccia] fixture rcqLlircnlcnts  to accolnnlodatc  the tlilt~sdlicc~s.  NCxt,  the app[~ach  for deriving :uld
Llpdat i ng the force spcci ficat  ion needs to be decided. 1 I’inall y the cent rol strategy ]nus[ bc dccidcd
anti wl-it(c[l  into the test plan. .Spccial Cil SCS lnay incl Lldc cross-axis force, Inonlent,  individual
force, and response limiting  in addition to or in licLl of the in-axis force. in some instances, the
control  strategy will be linlitcd by the control systcn] capabilities. in all cases, it is recommended
that the control  strategy be kept as sinlple as possible, in order  to expedite the test and to n~inin~i~.c
the possibility of mistakes.

Accclcrmnctcrs  on the fixture arc also required ill force limited vibr~ttion  tests in order  to control  the
acceleration inpLlt  to the accclcrat  ion spcci  FICiit  iw] at frcq Llcncics othcl  than at It lc test itenl
resonances. ]n ackiition,  it is often convcnicnl  to use a ]ilnitcd nunlbcr  of accclcronlcters  to measure
the response at critical positions on the test itcnl. “1’hesc  response accclcrcnneters  nlay be used only
for nmnitoring  or, if justified  by appropriate rationale,  for response limiting in addition to the force
Iinliting.

533 Cost  And Schcdulc. . . . .

Project  nmagers  often inqLlirc regarding the cost and schcdLIlc  impact  of doing  force limiting.
Once  force linliting  has become  routine in the vibration testing laboratory, its usc definitely results
in both cost and schcdLllc  savings. ‘1’hc primary  snvings is through the prc\’ention  of unnecessary,
ovcrtcst  failures, which adversely impact  both cost and schcdu]c.  lll~r)lcl~lcl~t:~tiol~  of force lin~iting
on a routine basis also clin~it~:itcs  nmst of the contentious discussions aboLH tcsl levels. Also the
effort prcvioLlsly required  to lllCiiSLllC,  analy~c,  and lin~it nunwous  responses in conlp]cx  vibration
tests is greatly reduced by force linliting,  as illusttatcd  by the Chwini  spacecraft test example  in
Section 6.2.
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‘1’hc firsl  or second tinm that an organization  employs  force linliting, there will natLlrally  bc some
down tinlc and slow going. The firs( consideration nlust bc tbc availability of force transducers of
t bc appropria[c  siy,e.  1 ‘ri-axial force t ransdLlccrs  ale rcla( ivc] y cxpcnsivc,  compared to
accclcroIlv.llcIs,  and arc somctinlcs  lollg-lca[l  ~N’OCLll’CIllCIlt  itcnls, so all a$sor[lnc[lt of tlWISdUCCI’S
are LISLEdly procLlrcd  over time by sc\’cral  prt)jccts and maintained by (be vi bra(ion test labor~itory
for use on fLltLlrc p[ojects.  If tbc first application is a lligh[ project, it is rcconlmcndcd  that sonle
bclp bc sought from [be sponsor or another organizatiwl  that lELS cxpcricncc  in force linliting. ‘1’bc
only otbcr potential additional cost of using forc~’ litniting is tbc dcvclopnlcnt  of spcci:tl  fixtures.
lJsLuilly  the force tr:tnsduccrs  cat] be utiliz,cd  sinlply by placing one at cacb mnlnting  position  and
using a longer bolt to acconltnodatc  tbc tbickncss  of tbc transdLlccr.  ON]figLIt ations where special
fixtLlrcs liuty  bc nccdcd  :irc: tbosc which involve a large number  of mounting  points, say more than
twelve, or tbosc with shear pills or conlplicated  fittings, sLlch as tbc flight Iatcbcs in tbc cxanlp]c  of
Section 6.1.2.

5.3.4 Spec i f i cat ion  o f  Norm l,imits

I@rcc limits arc analogous and c(J1ll]Jlclllc[lttlry  to tbc acceleration spccificatims LIscd in

COIIVCIltloIld vibration tCStiIlg.  just  as tbC :lCCCICl”:ltlO1l  SpCCiflC:ltiOll  iS tbC flC(]LIC1lCy  SJ)CCtl”Lllll
cnvclopc  of tllc  in-flight acceleration at ttw interface between tbc test item and flight mounting
structure, tbc force limit is tbc cnvclopc  of tbc ill-fiigbt force at tbc interface. II] force ]imitccl
vibration tests, bot b tbc accclcrat  ion :ind force spcci ficat  ions arc nccdcd,  and t be force spcci ficat ion
is proportional to tbc acceleration specification. ‘1’hcrcforc for~~ limiting dots not compensate fo!
Cll”oljs.  l.nlbc dcvclopnlCnt of (be acceleration y~wification,  e.g. LIndLIC  consclvatism or lack tbcrcof.
‘1’bcsc  CMOrS  will CWry over into (I1c force specification. Since i[l-fligtlt  vibratory force data arc
lacking, force limits arc usually dcri\’cd froln coul)lcd systcln  analyses and illlpcdance  information
obtained fronl nlcasLwcnlcnts  or finite clcn~ent ]no(icls  (I~IiM).  Also, considerable data on tbc
intcrfacc  force bctwccn  sJxicecraft  and conqmncnts  are bcconli ng avai lablc fronl spacecraft acoustic
tests, dIld  se]lli-cIll~JiI-ic:il  Incthods of predicting I’C)ICC  lilllils  are available.

I;OICC spectra bavc typically been dcvclopcd  in onc-tbifd  octave bands (SCC cxanlple  in Section
4.4), but otbcr  bandwidths, e.g. octave or one-tenth octave  bands, may also bc used. I;orcc
limiting lnay usually bc restricted to an upper fr~’qucncy  encompassing approximately tbc first tbrcc
nmdcs  in cacb axis; which n~igllt  be approxinuttc]  y 1001 lz, fo~ a large spacecraft, 500” } IY, for an
instrLlnlcnt, or 2000 } 17. for a small ccmponcnt.  It is important to take into account that tbc test itcnl
resonances on tbc sbakcr  OCCLIr  at considerably lligbcr  frcqucncics  than in flight. ‘1’hcreforc care
nlLlst  be taken not to roll off the force specification at a frcqLicncy lower  than tbc fLudanlcntal
resonance on the sbakcr  and not to roll off the specification too s(ccply,  i.e. it is rcconlnlcnded  that
tbc roll-offs of tbc force spcctrLlnl  be linlitcd to approxinlatcly  9 dB/octave.

Most of tbc current generation of vibration test controllc~s bavc the two capabilities needed to
implcnlcnt  force linliting. l:irst, (11c controller nlllst be capable of cxtrcnuil control, sonlctimcs
called nuixinlunl  or pc:ik control by different vcNdors.  II] cxtrcnud  control, tbc largest of a set of
signals is limited to tbc refcrcncc  spcctruln.  (’1’his  is in contrast to tbc average control nlodc in
Whi Cb tbc average of a set of signals is conlparcd  to tbc rcfcrcncc  signal. ) Most Conttoilcrs Llscci  in
aerospace test ing laboratories support  t be ext rcn]ai eont rol mode. ‘1’bc second  capiibi]  it y rcq Llircd  is
that tbc controller must  sLlJ3porl different rcfcrcncc  spectra for tbc response linliting  cbanncls,  so
that tbc force signals may bavc linlit  criteria spccificd  as a fLulction  of frequency. C13ntrollcrs  wbicb
support different rcfcrcncc  spcct!  a for linlit  cllanncls  arc now available fronl nlost venders and in
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addition upgrade packages ate avail;ib]c  to Mrofi(  son]e of the ol(icr  controlleds for this capability.
If the contro]lcr  does not have these cap:tbilitics, rwtching  of the acceleration specification to linlit
the n)casured  force to the force specification nlLlst  bc done nmua]ly  in low lcvc] rLlns.

S . 3 . 6  ]. O\V-].QVtI]  ~11  IIS

1( is advant:igeous  to Iwcp the nLlnlbcr  of test rLlns as low as feasible, both to save testing titnc and
to avoid accLlnlulating  unnecessary fatigLlc  of the [cst  hardware. A lo\\’-lcvcl sine-sweep or ran(lonl
rLm with a flat frcqLlency spcctrLlnl  is oflen conducted before and after the higtl-  level  vibration rLIn
in each axis to nle:~sLae  the vibration signatLac  for “health” nmnitoring.  ~llc reaction  force is an
cxcellcnt  choice for the health nmnitoring  signatLlrc,  and the ratio of force to input acceleration
nlcasLlrcd  in the “before” rLln  can also be used to Llpdate the effective nlasscs and i’csonance
freqLlcncics  used to clcrivc the force specification. (Sonwtinlcs  the derivation of the force
specification is dcfcrrcd  until this data become available. )

It is also advantageous to conduct two low-tcvcl  runs (often -18 dfl) with the sanlc input
acceleration spectral shape as the high-lcve] rLal; the first withoLlt  force linliting and the second  with
force limiting, using a scaled down force limit. Comparison of the forces measured in these two
10W-1CVC1 rLlns with the anloLlnt  of notching achicvcd  in the second  rLln with force linliting provides
verification that the force linlit is appropriate and tt~at the notching is as it should be. I;xtrapolation
of nlcasLwccl  responses to fLlll  level and conlparison  with the loads critcri;i :ind iiny a(ljListnlcnts  to
the force spccificiition  shoLlld  take pkice :iftcr these two runs. After it is dctcrnlincd  th:it  the results
arc satisfactory, any intctmcdiatc-level rLins :ind the fLlll-level rLul nl:iy  be condLlctcd. With the new
controllers, it is bcconling  conlnlon  priicticc to con]c “on the iii r“ :it ii low level  :ind then proceed
through the intermediate levels to full level, withoilt shLitting  down. ‘Ilms  idciilly,  czich tixis  may be
conducted with no more than five rLuls:  1 ) low-level prc-test sign: itLlrc, 2) -18 dB without force
linliting,  3) -18 dB with force ]inliting, 4) “on the air” :it intcrnlcdi:ite  level :ind progressing to fLill
level, and 5) low-level post-test signature.
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6.0 Case Histories

“1’hc three random  viimition tests selcckxl a\ case hislorics  inclLldc  a component,  an instrLlnlcnt, and
1 he Componalt  test W’:lsa spaccchift.  ‘Ihxc  t e s t  i t e m s  span  a Imss rango grciitcr  than  1()$. ‘ ‘

cm(luck(i  in March  o! 1 W 1 :m(i the spacmaf[ test in N o v e m b e r  of 19!)6; the tcchnologyj
particLllilriy  as regards [hc prediction of folcc  lin~i(s  ;Ind tile shakcl  control, i>logt-csscd
consi~icrab]y  in this time intcrvai.

6.1.1 Articulating Fold Mirror ~onl}]onen~  l{anclon~  Vibration Test [42]

‘1’hctr ate three articulating  fol(i nlirror  (Al~M) :i\\cnlblics  ill the Wi(ic l~icl(i  l)l:mctary  [;an)era  II
(W1’l)C;I 1) inst:iile(i  in the 1 lubbic ‘1’clcscoix (iLlring the first servicing nlissioll in l)cccmbcr 1993.
‘1’hc role of the AI~M is to provi[ic a nlcans for ~rcry :tccurate on-orbit :dignn~en[  of the optical beanl
on the secon(iilry  relay nlirrors  which contain the correction for the 1 lubble i>rin~ary nlirror
sphcricai  abcrl:ttion.  ‘J’hc photograph in f;ig. 34 simws an AI;M before  the n~irror is coateci.  l’hc
AI:M Lltiii?,cs  three s~lliiil  clcctrc)-strictivc ilCtLlil[olS  tO ii[liclll:itc  the mirrm.  ]3y ncccssity,  the AI;M
iS S1llai]  al]d dCliCiit  C; thC tOt:ll  lllli[  WCighS ilp~>lOXlllliltCly  1 ()() gill :Itl(l  thC ill’tiCLlliitillg  pOI’(i Oil, t h e
mirror :111(1  bCZCl,  w e i g h s  lCSS thiil)  30 g[ll.

f~igurc 35 ShOWS  :it~ Al~M nl~untc(i  in (hc vibration test fiXtll~C  (icsigncci  to iiCC()[~ll~l~[iiite  thwc
snlail  (:ipprox.  2.5 cm sqLIarc) colnmcrcialiy  a\uil:d>lc  tri-:ixia]  f{~rcc transducers, conical  sp:iccrs
arc USCC]  10 nlatc lhc transd Llcers with the #2 SC1”CWS m’hicb  nol”]ll:tlly  a[t:lch tbc AI~M to a bLllkhcad
Of  thC OptiCiil  bC[lCh  Of the w]; f’~’] 1. ‘]’[lC il~l]lilt”dllt  11111SS 1101’111~11  to the WIJl>~l  [ bltlkhcii(l  \\r;tS
IllCZl\Ll~C(i  w i t h  WI il[lpiict  hi~tll[~~cl’  to bc 3.2 kg :1(  800  ] ]z, t h e  first ii~iiLi  ~cso~li[t]cc  of t h e  A1;A4.  l’hc
force  si>ccific~ition  was cictcrminc(i  using the simple ‘1’1 )l:S Illcthmi.  N@icc  from l~ig.  5 tlliit e v e n
with  the SIId] ~iltiO  (().()]) of AI;M ~~~iiss to bLlikhcil(i  effect ivc Illitss  :i~](i with the IllCilSLlld  ~ of
50, the nornlaliz,cd  l-atio of force spectral densi(y to :icccleration  spectral density of ( 1 ()()) is still
14 ciB less than Q S(]llild  (2500), whicil is the amplification cxpcctc(i in a conventional vibration
test .

‘1’hc results of the Z-axis protoflight  rancionl  vibration test of the AI:M ~llillifiCati~n  unit NC shown
in I:ig. 36. ‘1’hc Llnnotcllc(i  iniwt tlCCCIC[’iltiO1l  spcct 1’:11  valllc of ().()04 G-/l Iz at 8001  IY, was
determined froln nwasLlrcnlcnts  dLlring  the acoLlslic  test of the optical bench of WI:I’C~l,  the original
C:iIIIC]:i  or] tl]c 1 ILlbblc Si>~LCC  ‘1’cicsco1>c. I ‘ig Lllc  36 iils~) S11OWS the t{)till axi;il  f~)~cc illpLlt  to the
AI;M, i.e. the sLlnl of the Z ilXis oll[i~llts  of tile  thrL’c fol”cc trans(iucei’s  in l;ig. 35. ‘1’hc force shown
in l:ig. 36 is iiCt Lliiiiy SC:IiCCi Lij) fl’()]]]  ii l(JW ]CVC]  ( 18 (I1] dO\\rII)  t~st without  fo]’cc limiting  to show
Wh:it  the f(~rcc WoLli(i  h:tvc  been in the fLlii  lC\’C] test if the force WCIC not iinlittxi.  111 the Sig,Iliil

conditioning the force fccdbiick Sigt]iil  w’iis mLiltiplie(i  by the riitio  of the :iccclcration  spccificiition
to the force spccificiition so th:it extlCIl~:ll  COlltI’Oi  C)f the bc)ti] f~l”ce :iT][i  ~iccc]c]iiti[)rl  CC) LliCi  bc
inlplcnlcnte(i  by c~~[~piiri[lg both signais to the iiCCCie[iiti  O~]  spccificitti  On, zis ciiscusse(i  in Section
5.3.2. l~or this rc:ison, the force Slg,l]i{l  in l:ig. 36 C; III be c(~[l]piil~d  (iircctly with the :iccclcr~ition
specification. I:igLlrc 36 show’s thiit  in the ~3r(}tcliligilt-lc\’ci  test with force limiting, the controller
:iLitomaticaiiy  notcheci the accclcr:ition inpLit by the :inlottnt  the Liniimitc(i  force sign:il  woLIl(i  have
cxcccdcd  its specification, i.e. aboLl[  10 dB, which is 4 dll  lCSS than that cstinlatcd  fronl l:ig.  5.
‘1’hc notch is very sharp an(i a])iwoxinuitcly  the nlirror  inuigc of the force pc:ik. It is inlpr:ictica]  to
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. . .

manually  pllt ill  sllch sharp Imtcbcs.  Also WithOLlt the folcc  sclls(~rs  to dc’[cct  the’ fI’C’~]LICYICy  of the
force peak, it wmlld bc difficult to place the notch at the correct frequency.

6.1.2 Wide-1’icld Planetary Camera II lnstrun~cnt Random Vibration ‘J’cst [42]

‘1’llc cOmplctc  Wf ‘PC1 I (weight 284 kg) was subjcc[ed  to a vcrt iual axis protoflig,ht  level mndom
vibration test as shown in ]:ig. 37. A lwgc  (iil>pI()~. 10 CIH di;iIII.  ) cwmlncrcially  ;~v;iil:d>lc,  tli-wi;~l
force t[;msduccr  was lociited  just  below each of’ the thrrc  Iutchcs,  which fwtcn  the c;lmcra to the
I ]ubb]c te]cscopc.  ];ol”cc Spcclfic;itions for all thl’cc  d il”cc[i(ms  at dt] thlcc  !a(ctlcs  w’cI’c  dc’1’iwd  Llsing

the simple ‘l’ll];S method with appwnt  mss data  for Ihc WI‘1’(;11 and for the honcyconlb
cmlt:iincr  used 10 h“NISIXM’t  the \vt  ~1’c:l 1 in ttlc  SIXICC  ShLltt k 10 l’CIl(k’ZVOLIS  with the orbiting
telescope. ‘1’hc app:trcnt nlasscs  of the cont;iincr  WCL’C nNasLIrcd  by NTASA GS1 ‘(~ urith [i mmial
imp;ict  h~immcr. ‘1’hc data for the vertical direction N the A liitcll  of the container is S11OWII irl };ig.
38. (’1’he A latch is on the far left in l;i.g.  37. ) ‘1’hc thr~.c components (X, Y & Z) of force at e:wb of
ttlctlltccl:(tcllcsu 'clercc(~l(lcClill  lCl:ill:ilyYc(iill;  il()\\f1c\'cl  sill  ctcst o!thc W1;l’[~ll  pl-ccdingthe

r;lll(l{~]l~  ~'il>r~~tic)~l test, til~(ltllc  ti1~I]:~rc1~t ~~liissoftl~cl$7J;l)(~ll  in tl~et’cltic~ll[  lircctio));lt  the A latch
is shown in ];i’g. 39. After a 10 W-1CVC1 randonl  run, it was dck’rnlincd  th:Lt  three of the foLlr control
chantlels  available on the older  ccmtrollcr were csscnti;ll  to control the high frequency ;iccclcratiml
input at each of the three latches, so only one control  ch:mnel was ;Ivailable  for force limiting.
(New controllcts  have 32 to 64 control channels.) On the basis of an:llysis an(i the low level data,  it
was dccidc(i to limit the vertical folcc at the A lit(ch which rc’;lcts  most of the load because of the
outboard (to the right in l:ig. 37) cclltcr-(~f-gr:i\’ity  01 the calnera.

“1’}lc  :Iccclcratiol)  JncasLIrcd iit each of the three ldtchcs  is colllp:{rc-d  wi[h the acceleration
spccific:ttion  for the protofligbt  randonl  vibration test in 1 ‘ig. 40, and the vertical force nle:twu’cd  at
each of the three latches is conlp:ircd  to the force specification for (hc A latch il] I:i,g. 41.
(’onlp:irison  of I:igs.  40 and 4 ] shows thilt  linliting  the A kltch vcr(ical force t’csLl]ted  in notching of
tllc acceleration  inpLlt  al 351 lx, 100117 :illd 15011 /.. ‘1’hc :iccclclation  notch at 70117. \\ws cft’cctcd
by rcducillg the vertical force specification [it 70 11~. to conlpcns;lte  fot the A latch trtinsvcl-se  force
not being  in tbc contl 01 loop. Above 300 11?, onc of the three con[ro] accclcronwtcrs  is equal to the
specification at every  frcqLlcncy. (;onlparison  of tbc notched vibration illpLlt  ill the Al:hd conlponcnt
vibr~ition  Lest dcscribcd  in the last scclion with the corresponding vitxation  levels n]casLIrcd a year
later on the opticzil  bench in the WJ;PC~l [ systcnl ;icoLlstic  test confirmed  th[it the vibration lc)’cIs in
the ccmponcnl  test enveloped (hose in the systcm wwustic test, as they shoLlld  for a valid
conlponent  scrccnins, test.

6.2 Cassini Spacecraft System Random Vibration Test [28, 43]

};igure 42 is a pbotograpb  of the Cassini  flight sp;lcccraft mounted on the shaker  for the vertical
random  vibration test which wtis conducted in November of 1997 [28, 43]. ‘1’hc Cassini  orbiter
weighs a tOtd Of 2, ] 50 ki]Ogl’illllS (4,750  poLllds);  dftCI’ :lttdChillg  thC ~50-kl]Ogl:llll  ] lLlygclls  probe
(m the right in l:ig. 42) and a l:~LInch vehicle Aptcr aml lo:tding  more than 3,(KN kilograms
(6,600”  pounds) of propellants, the sjmcecraft  weight at l;mtlch  is about 5,800” kilograms(12,800”
pounds). I’he weight  for tbc vibr;ttion test was somewhat less 3,809  kg (8,38(1 lb.), because  the
tanks were loadccl  to 60% of capacity with rcfcrcc  fluids. Bccausc  of the very dim sunlight at
&ttLll”ll’S  Ol”bit,  sO]iil  arrays  1~1’c  JKJt fC:lSiblC WI(I pOwct’  Wi]]  bC Sllpplid  by a seL Of  thI’CC

kKliOiSOtOpC  l’tlCLIUOC]CCtliC  (iCIIC1’dOt’S  (~rl’~;’S)  WhiCh USC hCllt  ftOIN thC Il~itlll;ll  dCC:Ly of hqOSt  O f
plLltoniLlnl  to generate electricity to rLtn Cassini.  (’1’wo of the R“l’G’s  arc visible in lhe lower  center
and left of I;ig. 42. ) “1’wclvc science cxpcrimcnts  we carried  onbwml  the Cassini  orbiter atld
another  six fly on the 1 ILIygCIIS  ‘1’itan  probe. ‘1’hc  s c h e m a t i c  in l:ig.  7 indicates a number of tk
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f ‘igLlrc 43 shows the pl:m vie\\ 0! the sp:tcccr:tft  lmmnt ing I-illg before the sp:lcccriill  is attxhcd  to
(he shaker. ‘1’hc bl;tck offset weight Jmsiti(med  in ttlc upper  right qu:dr:mt  of ttlc ring is bcil)g
mbjcctc(i  10 vi bratiol~  for mon)cnt  pmol’ testing 01 the sb:ikcr iind mounting  c(J1lfigLll:iticJIJ.  ‘1’hc
sp:lcccraft bolts to tbc ring :1( eight positions c(>l-l~’slJ~)l~(liilg  to tbc moun(ing  feet loc:ltions  on the
sp:tcccMf(/  liiLll~Ch vchiclc iid:ip(cI.  A l:~lgt tli-axi:)l  f(~IL’c tliil)stiilccl  is loCi~tC(l  LIII(ICI tbc mounting
ring ilt c:lcb of tllcsc cig,h(  posit iol)s. ‘1’hc shukcr !’lxtLllc is rcs(rtlincd frt)lll  moving  l:ltcrtilly during
the spacccraf[  vertical vibr;ltion  test by three hydritulic  lmwings.  ‘1’hc 10N.’c cap:(bi[ity  of the shdwr
is ill}OLlt 35,()()()  lb. illl~]  \’il”tllillly  iil I ~)f ttlls Cilp:lbility  \\’il\  lISC(] to Vi blil[L’  tll~  S~lilCt’CI”ilf[  illld StlilkC1’
fixtLlrcs,  which weighed [hut 6,()(K)  lb. in Alition  tO the 8380  lb. sp:icccraf(.

f ‘igurc  44 cO]npwrs  [he vitmt ion test aCCCICrilt  ion iilput  spccific:ltion with l:iunch  whiclc
SpCCifiCi([ioIIS illl~l  will]  CIi([llfl”(llll  i\]31-c\’i{Jll\  ’l’i{i\Il liiLIIIC}l  vchiclc fligl]t. ‘1’hC ilCCCICli~li{)Il

Sl>CCifiCil[iLJ1  ]\;':lS 01'igit)2111y S(JI]lc\\`tliL(  tligllCI' (().( )-l(;2/J  17, c()lllll:[tcCit  cJ().()l (i2/J17,).’l’hc
Spcciflcii(io])  \\’ii\  lo\ VC]Cd in tbc ]ot~) ]()()  ]1/, fI’c(lLIL’t)c~  Icgilnc iii’tcl” ]’c’\’it\\’i Ilgt~)c tCSLllt\OfiL1l
extensive I:}iM pl-c-test m;tlysis,  which indicdtcd  (I]N excessive [lotcllillg\\’c)Lll(l  be Irquircd  with

tbchighcl”-]cvc]  illpLlt.  ‘]’hc  SpcciflCiltiOIl  w’il~  sllbsc(lllcIlt]y  low’crcd  i n  the ]()()1()  z()()]lz  rcgilllc:ls
well, in ordel t{):iccc)llllllc)cliitc  tbc force c:qxibility  of tbc sll:~kclj  J(JJ\’cI:i  lll~]lifiel,  which u’as over
ten ~CiLl”S 01(1 and cxbibitcd  solllc  il]stilbility  pl”oblcl])s  dul-ing  tllc twc) lllonttl  pcrimi preceding the
CUii$sitli  s]l:(cccr:ift  \Jit)r:ttic)tl  test. 'l't]crc.sLlltit]  g().()l  Ci2/l17. s~)ccific2iti()1]  islcsstt12111  tl]c Il()oster
l’C)\\’Cl”CCl  l’llii\C  S~JCCifiCiltiCJIl ilt fl’CC]llCIICiCS  gl”CiltCI  ttlilll  il$lJ>I()XillliltCly  8() I17,tlLltC XCCC(ISttlC
h4;mimum  1 h]vc]opc  of the ‘l’] V-07 I ‘light  1 MM. ‘1’}lc accclcr:lt ion specification is defined it]
}:ig. 45.

l:igum  46 Sb(N’S tll~ f(JICC specification fOI° tbC C’il$Silli  lli,gh[  S~lLICCCI’illt  l’illl(loIll  \’ibl’iltiOIl  test. ‘1’k
SpCCifiCatiOIl  \\JilS  dCI’i VCd by Illllltiplyillg  t h e  ilCCC]Cl”dtiOIl  S~lCCiflCiitiOIl  ill ~;ig. 45 by ttl~ S(]Lliil’C(~
wcighl  of ttlC S[>:ICCCI  i~ft  il[ld  by :1 filC(OL”  of” OIIC-tliilf.  (’1’his CO1lCS~XllldS  to tllC Sellli-empilicitl
IIIC[h[Kl  disc  LlssCd in section  4.2.1 with :1 V: I]LIC of{” = ().’7()7. ) ‘1’his  \’it]Ll~  of C Wiis  SC] LXICXI 011  thC

b:tsis of the prc-test  :malysis and in order  to keep the proof test, which bad a margin  of 1.25 over
tbe test limit 10ildS, within tbc Sbakcl’  force Cilpilbi]ity.  ‘1’tlC  f(ll”CC specification \l’:l\  not LOllcd  Off at
ttlcsll:tkcl-  fLlll(l:iIllcIlt:ll  rcso[l:i[lcc:iss}lc)i~’[1  ill l~qu;ition  29, t>cc:lllsc llcit}lcr ttle11rc-test amilysis
tlO1thC  iiCtlliLl  vibration test di\t:l  CXtlibitCd iidiStillCt  fllll(li\lllC1ltill  lCSolli\llCCO  ftllCS1>~\CCCliift  intbe
vertical axis. l) Llringttlctcst,  it w:isno[  ncccssaryto  [llo[lifyortl~~(l:ltctllc”  force specification
spccificd  in tttc test proccdurc,

l;igLlrcs  47 and 48 rcspcctivcly,  show tllc input ilN’CIL’l’:l~iOD  tlnd  force spectra mt’asured in ttlc
actual full-level vibration test. (lmparison  of the mc:isLmxl  acceleration spectra with the
spccificiltion  in I:ig. 47 shows  sigllificilnt  no[ching of ‘8 (111 ilt tllC l>l”OtJC lCSO1liillCC  Of
approximate] y 17 } 17 and of -14 d[l at the tank rcsonancc  of :ipproxinmtcly  38 f 17,. “1’hc responses
iit ii l~LII~lbcl’  of Cl”itical  Jmsitions  ~~1 tbc sp:lcccr;lft,  [N \\’c]]  :i~ the ~thel’  fIVC col~~pol”lc~~ts” of I}lC t@a]
inpLlt  force  wxtm,  were  monitored dLlring  tbc tcstiug,  bLlt only the totid  vertical force signal was
LISC(] 111  t~lC COIltlOl]CI  fCCdbilCk  tO lIO(C]l (}1C  ilCCC]CI iltiOll  illllllt.  (~OIlll~:lliS[)Il  O f  ttlC lllCilSLII”Cd  fOl”CC
wit})  the specified force in l:ig. 48 verifies tlliit the force was :lt its limit at all the frcqLwncics  wbcrc
notching occurred  in the inpLlt  accclcmtion.

IJigurcs  49 [Illd 50 S11OW  tt)C dccclcldticm  inputs IllCilSlllCd  IICiil” (llC fCCt Of il IlllIllbC[  Of instrutncnts
mountc(i on the l;iclds and Patliclcs  and Remote Sensing  f>allcts,  respectively. (~ompmison  of
tllCSC  lllC:l\lll’Cd  dilta  with t}lC l“illldO1ll  Vibl”iltiO1l  tCst  spccificiitions  fO1 tllc  illStrLll  OC1lts,  wbicb  arc
alSO indicated in I;igs. 49 1111(1  50, dClll 011 StliltCS thilt  lllillly  C)f tbC ill St I”LllllCIlt  S ICilCllC(l  their
comp~llcrlt vibration test lCVCIS in the sl)~\ccC1i\ft  vibliitio[l  test. “1’hc significi~[]t  eXccdi~~lccs  bcl~w
501 Iz, a[e COVCICd by tbc it~strLln~cnt  sine vibration test equipment. In iid~iiti~l~,  s~\rC~iil  majm
COIllpOIICIltS  Of tllC SllZiCCClilft  i n c l u d i n g  tllC 1 lllygCIIS plOt)C  LlppCL Stl”Ut,  ttlC ttllCC  R“I’~J’S,  tllC
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Jlla.gllCtiC  canister  StlLl(S,  :111(1  tllC l:iclds  :Itld I)artic]cs  1’illlCl  Stlll(s  l’CtlChC(l  their f l i g h t  limit Ioxls
during  (hc spacecraft vibration test. “1’hc  only anom:lly after  the test, other  than ~mssib]y  those
associated  wi(h sp:~c.cclaft  functional tests ft~r \\’hicll  (Iilt;l  are nc~l :Iv:lil:d)lc,  \\f:Ls  th:tl the clcctricill
resistance bctwccn  (hc cmginccril]g  nmdc]  I< ’J’(i :md [hc spdccct”dft  s[ruc[wc  ww mciiwrtxl  :if[cr  the
test and found to be ICSS than spccificd.  ‘1’hc insulation  bc(wccn  IIK R’1’G adq)tcr bmlict  and the
spacccraf[  w:~srcclcsigllc(lto  corlccl this problcII~.
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IilGIJRI; 34. Photograph of 30-Gram  Articulating I;o]d Mirror  (AI;M)  Before Gxtting

Y - A x i s

I;IGLJIW 35. Sketch of Vibration “1’cst IiixtLuc  for AI:M Showing Mounting  on ~’hrec Small
‘1’ri-axial  Force  C;agcs lJsing  Cmicd  Adapters
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7.0 Conclllsions

1 lcrc the key points  discussed in this [l]mlograpli  m> r~’it~v:t[cd,  and smnc suggestions loL
fl[llllc[”  dcvclopmc’nt  of ttlc tc’chnokyy  :11”1-’  OJI’CI”L’(1.

1. ‘1’cchnical li[cr~iture rcvicwcd  suppwls  the c(mclLlsi{m  th:[l the pionccjs  of acrosp:lcc
vi bl;iti(m tcs(ing rccqwizc(l (IK’ (Iwgcls of vi btati(m  OwIlcstin~’~ ill)(l  LI1)(ICI”S(OO(I  tl);lt tb~’

\rIy high sbakcI ilnpdmcc  was the clllprit [ 1,21. M:lny rcsc:lrL”hcrs durin~,  tbc
subscqllent  tt)ir(y  ~Cill’S studied  tllc  Illountinp,  stwctult’  il])pc(lancr prt)blclll  and
dcvclope(i  conceptual sc)lutions,  ninny of which  arc ii part of the foruc Iimi(ing  :ippro:icb
described bcrcin [4, 10]. (hw cllll only concllldc  ttlilt  either the illstlLllllL’llt:ltioll  or tlw
need was not sufficient [0 drive tbc illllJlt’llJl’lll;iti(Jll  01 (his technology Llrltil recently. It
is tbc :ltl~llol’s  bclicl’  ttlilt  tllc  Ik>ccnt  a(lvcllt  01 picmclcclric,  tl’i-:lXiill  l(~lcc tli~llsdllccl’s
W;LS the enabling factor.

2. 11) t) Llilt-  up :tcI”OsjxK’c  cotlfigLltll(iO1ls,”  tbc Slructul-ill  llll]JC(lilllCC  01 lhc moull[ing, structuw
and (csl ilcm arc COIllj3;11’iibl  C 1111(1  lhc I”C is little :illl]lli~-ic:~tic)tl  a( tbc I’CSOIlilllCC  frcqucncics
O f  ttlC tCS( itcnl.  ‘1’hC inkrfdw ilCCCICl”dtiOIl  lIIIS  l)otCtlC\  ilt (lIC (CSI itcn~ l’L’SOIlilllCC
frcqucncics,  duc to the vibrdtim] ilbSOI”bCI”  Cllkct.

3. ‘1’tlC SllilkCI”, by (’oll(l’il\l,  bilS \’C1”y h igh  mcclmlic:ll  inlpcdllncc :Illd tllC tC’St itcm ClIll  tl:l\’C

\Tc Iy l:mg,c  amplification ~it its rcson:mcc lrcqucneics.  In addition, tbc test item rcson:mec
frcqucncics  011 ttlC Stl:lkCI’  OCCLII  ilt  signific;illtly  llighcl frcqucncics  tlliill tllc  Coupled
SYS(CII1 l’CSOIlilllCCS in tllC.  bLlilt-Llp  Collflglll’i((i  oil.”

d. ‘1’tlc  o b j e c t  0 1  force liinitcd  VibI”iltiO1l  t e s t i n g ,  i s  to Illkc lhc il)pLlt  I’OK’C” i~t the tcsl itcn~

rt’sOn~tnccs  irl th> vitva(i  On test C(]llill  to thL> lnaximum  intcrl’acc  force ill (Ilc n igh t
Collfigllriltioll.  ‘1’hc goal is to rcplic:[(c  the itltcrmtl  forL1’s and stresses in tbc fli~hl
env i ronment ,  bill (bC Sillllllillioll  is 1101 CXilC( bCC:lllSC’  tllc  1“~’soll:lllc~ ftu]ucncies  illl(l
IIlmk Sllii~)CS  iil”C’  diffcrc’11(.  ‘1’t)c  ICslllt  Of lin]iting lh~ input  foI’CC ilt 1’CWIl:lllCCs in thC
\ribl’iltioll  test is Itl;lt  the input :lCCCIClil(ioIl  is IlOtChCd  in a III: IIII]C1” Silllilill’  to ttl:i( due [0
tllC \’ibl’il(i(Jll  iLbSOI”t)C1  CffC’Ct in f-light.  f 10\\’CVcI’,  tk IlOtCtl flc(lucIlcics  w i l l  bc sligll(ly

d i f f e r e n t  ml thCSll~LkCI’ilIl(l  in IIigtlt,  clllt’totllc  (Ii ffcrcnccs  in (~fl-:lxistl(~llll(l:~ty
conditions.

5 .  ‘I’tlCCflCCti\’C  lllil\S  CollCC~l(, CIC\’Cl{)l>C(i  ill(hCCill”ly70’S  [15], 131{)\  i(lcs:i  tt)cc)lctic:ll
b:isis fo r  :Iwdyzing stf’(lC[llI’i[l  illlpcd;llwc  (]illil  :11)(]  ];];M  I’cslllts. [Illti] I“CCCII(]Y,  lbc

cffcctisc IllilSS COl)CCJl(\\’iL\  kilo\\”  illl(l  llSCdbyoIll~  ;lSCICCt ~,l{~Ll~l  ofilll~llyStS,  tlLlt  tllC

conccp(  is gaining :Icccptal)cc  ~llld  it is bOpCd tt)ilt  all incrc:(scd  iiCCClltiillCC of tbc Collccpt
will be fKilitil[Cd  by the discussioIl  in ScctiOn  3.3.4, pmvidcd  t)y Olle Of the Cwnccpt’s
migimtmx,  a~ [O the dcriviitioI)  of tbc cfltctitrc ]lli]ss  frc)ll)  NAS’1’RAN of ott~cl  I;lihOs.

6. ‘1’tlc  philosophy adopted in tbc derivation of force specifications is to Still”t  with tbc
tl’ilditiolli[l  ilCCCICI’il(iol”l  spccificiitic)n,  whicl~  i s  tllc CIl\’CiOpC  of tllC ilight  ill(C’l”fi(CC

accclcratim, and add dn ml:llOgOlls  force sl)Ccillcil(i  OI), \\ ’hich is the cnvcl(y)c Of tbc
flight  iIllC1filCC fOICcs. ‘1’1111S  tllC fOI”CC spcci flCiltiOIls  dcri\d  iiTliil~liCilll~  licwin  ill”t’
proportiomil  to tbc assunlcd  ;lCCCICI”il(ioll slwcifica(ion,  an(l ;Iily  errors  or llndllc
conscl-vatisln  in tbc accclvratioll spccific;l(ion Cill”ly  ol’cr into the force spccificit(ion.
‘1’llus force Iin]iting  shOLll(l  1101 be pcrcciw(l il< d Illcttl(d of coI]]pct]sat  in: for errors  iI)
ttlc acceleration  spccificiltion. RdtllCI”,  it is :1 Jllclh(d of illltolll~ltiCilll  Y insertinp, l) OtCllCS
in tbC ilCCCICI”iltioIl  S])CCtl”lllll  ilt tbC ])1’()~)C1  fw(lwvwics  ~111(1  of tllC pl”opL’1” dCpth.



7.

8.

9.

‘1’lIc  gcIIcIltl  method 01 dcri\Jing  ft)rcc spccifica(iOns is (c) dc\’clOp a cOuplcd  sys(cm
nmlcl  of tbc smrcc and load, with tbc INWkIl parmlctcrs of c’;Iul~ dc(crmimxl  from f;liM
atdysis  Or fmm  impcddncc  lllCllsLII”CIllCll  ts. ‘1’hCIl  (I1C l’lltiO  Of tllc  fKc]UCIICy ~!fl>x!op~  Of
tbc intdacc  fOrcc (0 the Ctl_ycloJ>c Of ttk’  intcd’acc  accclcmti{m  is dctcl mined. l:in:il]y,
this ro(io is mLlltiplicd  by tbc accclcmtion  specification, dcvclopcd  in a convcn(iomd
m:mncr (LIsLuIlly scllli-cll]l)itic:tlly), to obtain the force spccificiltion.  “1’wo applic:ltions
Of Ibis gcIIcIal  mcltmd invOlving  a silnp]c and d complex ‘1’1 )l;S :Irc dcli~d herein and
the rcsLllts  :irc prcscntcd  p;winlctricdl  y [27 ]. ()(hcr  ;q~plica(ions of tbc method wc
available in tbc litcr~iturc  [24] and it is envisioned that mom sopbis(ic:~tcd  mmicls \\ill  bc
C]CVCIC)]}CC]  ill tk  flltlll  C.

‘1’hc  li[cratLlrc  [3, I (), 14] and sp:lcccmft  sys(cnl acous( ic tests [28] b:lvc prt)vidcd data for
tbc dcvclopmcllt  of scllli-cllllliticltl  force limits which arc much simpler to apply and
tqqxar  to yield s:itisfacto~y  results. 1,ittlc  ftigbt  data arc currently i~viiilablc  for vi brlltory
foIcc,  but sCvcIiil  lligl~t  ll~c:lsLllt’l~lcl~t  l>logltll~~s:ir  cil~l~loglcss.”

‘1’he :dvcIlt  Of tri-:lxial, picz(-c]cctric  fOr~>c transducers and Of a nc\\r p,cIlcr:iticm  Of
digital cxmtrollcrs  have facilit:ited  tbc applic;  i(iml of force ]imitcd vibr;(timl  testing. ‘J’hc
picz,(~-clectric  forcc tr;~llsclLlccl”s:ll”c  c:isy-to-llsc,l  Llggc(i,  cc)lllI):lct,il~i\t’:1  widcdynamic
range,  and can readily bcconfisurcd to mcasLIrc all six componcn(sof  force and
moment [16].rl’llccol~\~cllicll[  tllc:lsLllclllclll{  Jft{>t:llc  xtcrllill  forccill :l\’itlr~itiO1lt  cst
nowmakcs  itpossib]c  tomcasurcthc  accclcr:itio]l c)ftllc  cclltcr-of-gl;l\’ity,  sotlutttbc
design c;iI~;ibil  ityc)f:iclOsl~~lcc  stl”Llctulcs  can bc convcnicntiy  vclificd  in avibra[ion test.

10. Tbcrc  ate many topics in tbc dcvclopmcnt  of force Iimitcd vibratiml testing wbicb
require further investigation. Impcdlmcc  lnctlmds arc most convenient when two
s y s t e m s  arccmlnccted  at a Sitlglc’ lmdc, and tbl S :lWLlll)ptiOI)  is illlp]icit  bcrcin. Mmy
difficulties OccLllw’llcIlc  )Ilccc)Ilsi(lcl”sI  lllllti-]>oillt  cmncctims [8], wtlich awalmmt
:tlways tbc case in tbc real wmld.  ‘1’hc issue Of Ovcrtcsting duc 10 uncmrlutcd  inputs at
mul(iplc attachment pOints has nOt been xldrcsscd here.in. l; LltLII-C  vit)I-:t(iOn  COI)t IX)llCI-S
will ])rot):~bly  c) ffcItllcc:i]):it)il  i[ytoco IltIol” plmse,  adtbcn  :~~~])lo~)li~itc])ll:isc
specifications bctwccn  force and :Iccclcration  will have to be dcvc]opcd  [4, 13]. hrcw
force transdLlccrs  are bcillg dcvclopcd,  itlciuding  (icviccs which can both measure and
generate force,  and new’ illstrLllllcllt;ltic)Il  dcvclopmcnts  will open tbc door to ncwr
testing  tccbniqucs.  Clxnparison  of flight d;lta with tbc prediction methods discussed
herein \vil]  almost  certainly  give rise to smnc discrcpancics,  wbicb  will  need 10 bc

r e s o l v e d .

7-2



Appendix A IJcflnition  of Symbols

—— intcrfxc :mclcrd[ion
= base acceleration
= free xcclcra(ion  of source
—  

ilCCCICl:lti  Oll  SpCTifiCiltioll—

= (l;iSllpot  CollS[  ilIlt
=  Constiltlt

= intcrfacc  force
= bl(xkc(l  fol”cc  Of SOLIICC

= force spccificdim OI limit
– excitation force—
— spring  stiffness
= physicdl stiffness matrix
= (0(;11  Itl;l\s
= rcsi(lu:[l  m a s s

=  Ilm(kll 11):{ss

– apparcmt  II I;LSS,  1 ‘/A—
= physical IllilSS  Illiltl”iX

=  m(xla] nmss mtrix
—.—. (Iynamic  an)plifica(im  fac(m”
– accclcra(im  spectral dcmi(y—.
=: fmcc  spcc(rdl  density
=: :tbSOILltC  [lisplaccmcnts

= gcmralinxi  m(xhl (iisplaccmcnl

—.—. rdio Of Illod:il to residual lllilSSCS

=- uatio of analysis  l-mqucncy  10 rcsolliillce  fqLIctlcy

== 111O(IC Stlill~C

- .- . I’dtio  Of ](MKI to SOLI1”CC I’CSi(lLl;ll  lII:ISSCS

== ra(li:ul fl’C(lllCIK~

--- . Imtural frequency 01 LIncouplcd  oscilldor

—.r:i(iOOf Imd  tO smrcc uncmp]cd  IC’SI)II;IIICC  frequencies

Subscripts

1= SOLII’CC OSCillilloI”

2 = 10X1 oscillator
]; = unmslraincd  (free)
P := prescribed
~ = modal set
R = rigid tmiy set
n = single mode
p = reaction force direction
q = prescribed accclcra(ion  direction
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Appendix C Force limited Vibration Testing Handbook (Draft)
This -drafl,  d;itcd 04/09/97 prcptitc’d  hy T. Sctmlm / .I1’I,, 1):1s not been appmvcd :ind is sut)jcc[  (0
modification.  IX) NO’1’ US1i PRlOR ‘1)0 AI’PROVA1..

Nationnl  A e r o n a u t i c s  and

space Aclnlinistration

April 1997

FORCE LIMITED
VIBRATION TESTING

NASA TECHNICAL HANDBOOK



l’his handbook is applovcd  fmusc by NASA Ilcaciqu:ir(crs and all licld centers  and is intc.ndcd  to
provi(ie a common  fralncwork  for consis(cn(  pr:ic(iccs across NASA programs.

‘J’ilc  primmy  goai of vibration tests of acrt~spacc  llill”Ci\\’~lI”C is  to  i(icn[ify prol)]cms wbicil,  if n o t
rclllcciic(i,  \\’{)  LlicircsLllt  illlligtlt  fiiillllcs.r  l'tlisg  C~:ilcllllc )lllytlcl  llcttlyi  lllillclllclltillgi  lrctllistic  (lligh-
lik) test with a spccifiui  positive mrgin. III most C: ISCS,  the go:Ii is not wcli scrve(i by tra(iiti(mal
accclcra(icm  conlmlie(i  vibration tests which in(imi  scrtwn ou( flight  f:liiurcs  but in a(i(iition,  c;msc
l[iilLlrcs,  which woulci not occLIr in flight. ‘Ibis ovcr(est  or “scrccnin.g” test ai)immch,  which m:ly
l~il\cs er\’c(ii tsllLll~loscill  tbc ixist, is too cxilcmivr  ami incillcicnt  for to(iay  ’s environment 01 low-
cost  missions.  ‘1’hc pcnaity  ofownlcsting  is m:mifcstc~i  in (icsign  ami pcrfornmncc  comi)romises,  m
wcli as in the high costs an(i scllcCiLllc  (J\’cI”lllIls  [lSSOCiiitC(i  with rccovcril]g  from artificial test f,iilurcs.

It has been known  for thirty years th:lt the ma@caLlsc olol’crtcsting  in acrospitce vibration tests is
associatc(i with the infinite IllCChWli  Cill illliKYiilllCC of tbC SllilkC[  :Ill(i  tilC sttiIl(iitl”Ci  prdclicc O f
co]ltrc)lii[lgttlcitl~)llt  :iccclcr~iti()Il  t()ttlc flc(]llcIlcyc  l]vci()i)c()ftl]c  flight  (iata.  This di>imxich  resuits  in
artif]ciaiiy  high shaker  forces an(i Iuixmscs  at the Icsonmcc  fmiucncics  of the kst item. I’o alleviate
(his problem it has bcconlc  common practice to notch the inilLlt  accclcrtition  to iimit  the responses in
the test to those prcdictcd  for fright, but this ailimmch is very (ici~cn(icnt  on the analysis, which the
test is supposeci to validate. Another difficLlity  \vith rcsimnsc  limiting is tluit  it requires pl:icing
:Lccclcromctcts  on the test item at ali the critical loc:itions,  m:my of which ~irc often inacccssiblc,  ami
which in the caseof l:trgc test items, involvcscxtcnsive  illstrlllllcllt:iti(J1l.

T h e  a(ivcnt  of new il~strlllllc[lt:ttio[]  has mcic iwssible  m altcm:~tivc, improvc(i vibration testing
apimmcb  base(i on measuring :tnci limiting the rc;kction  force bctwccn  the shaker  :in(i  test item. l’hc
major  break  through is the awiiiabiiity of piczo-cicctric  triaxial  force gages (icvelopc~i  for  other
commerci:d  markets. Picz.o-clcctrie  force g:igcs  arc robust, relatively easy to il~stilli  bctwccn  the test
itcm anti shaker, and rcq Llire tile s:illlc  signal c{)ndi~ioning  as piexo-electric accclcronlcters  colnmon]y
uscci in vibration testing. Also, a new gcmcrdtion of vibration test conlrolicrs  now provi(ie the
c;il>:ibilitytolilllit t he  mcasLIIcci  foIces  an(i thcIcby  n o t c h  t h e  input accclcratim,  in real t i m e .  TO take
iid\J2tI)[il~C  O f  [hi S IICW Cit@i]l[y  [0 111 C2[SLII’C illl(i  COI1[l’0]  ShiikCI’  fO1’CCS, ii liltioIlillC  fol pdicting thC

flight  Iimitfcwces  has been (icvciopc~i  :m(i :qli~lic(i  to m:my flight  projects (iuring the past five years.
}~orcclimitc(iv  ibriitiontcstsare  HOW col]ductcd  routinely at the Jct Proimlsim  I,iiboltitoly (Jf’1.) :m(i
Zil  SO iit SC VCHI1 otllc]  NASA ccl]t~~s,  ~(~vcl’l]lllc[]t  l;ibol’ittorics,”  ill](i ~~lii[]y ilcl.~si>~l~c co[]t[iictol.s.

“Iihis h~~](ibook(icsc~ibcsiil~ appro:~ch  which maybe usc~i to filciiitii(c:t[l(i  Imixinlizcth  cbcnefitsof
applying this 1-Cliiti\’ciy  new technology throughout NASA in a consistent m:mncr.  A monograph,
wllicll l>rc)vicics  lllorc[icti~ilc(i  information on the salnc subicct,  isaiso  avaiiable  forrcfcrcncc.

~ecluests  for information, corrections, or a(i(iitions  t o  this Imn(ibook  sboui(i bc (iircctcd  t o  t h e
Mechanical Systems Ihlginccring  atl(i Research IJivision, Section 352, Jet Propulsion I,aboratmy,
4800 C)iIk  C;~O\IC ])I., ]’2iS2i(\CIIii,  CA 91109.  ~C(]LICStS  f()I:t(i(iiti()l]  iiico]~ics [) ft]]isllilIl(it>()ok ShOLIl(i

be sent to NASA Ilnginccritlg  Stan(imis, lilIJ2,  MS1;C,  Al., 35812 (telephone 205-544-2448).

llir~icl  R. Mulvillc
~hicf Engineer
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‘1’his Iumdbmk cstablishm  a melhodo]ogy  for conducting force limited vitmlion tcs(s for all
NASA flight  projects. ‘1’hcpurposc is topmvi[le  an appm:ich  which  may  bc consistctl[ly
followed by those (icsiring to usc force limiting, without  having  to coIKiLIc(  an extensive
litcratLlrc  search  or rescarcil  ami dcvciopllwnt  effort  before condLlclitlg the test. “J’hc  decision
to USC, or not use, force iimiting on a si~~’cific iw(~jcct ami in ;i sixxific  vibration test, an(i
the responsibility for applying the mctho(i  corlcctly,  arc lcf( to (he prolcct or the cognizant
cn.ginccr. A monograph on lkwcc 1,imitc~i  Vibmtion  ‘1’csting  is avaii:d>le  for rcfcrcnce  ami it
is rccommcmic(i  for those ncc(iing mm (ictaile(i  twbnicai information.

~’his han(ibcmk rccommencis  cnginccring  pmcticcs  for NASA programs at](i projects. It
m a y  b e  citmi  in contracls  an(i  program (iocun]cnts  a~ a tcchnicai rcqlliremcnt  or a s  a
mfmcncc  for gLlicialwc.  ljclmminillg  tile suildbili(y  of this hwl(itmok ami its provisions is
the responsibility of l~r(~gl:il~~/l~lOiccl  manaj~clmm( an(i the pe[”fomlillg organizat ion.
lmiivi(iual  pmvisims  of this han(ibook  may bc Iaiiortxi  ( i .e. , mmiific(i  or (iclctc{i)  b y
contract  01 Jmgmm spccificat  ions 10 meet spcci fic llrogliill)/~)lOjcct”  ncc(is  aI Ki constraints.

For the pufimsc  of this haJK]bm)k,  a force iinlitui  vibration test is any vibration tcsl in
wilicb the force between the test  i tem ami sb:{kcr  is mcasLIrcd  ami contmiic(i.  (rI’hc
rccommcncicd  means of nmasuring  the force is with piczc-cicctric  force g,agcs, but other
mc:tns, e.g. siuikcr armatum  current  or strain .g:lgcs, may be useful in special sitLu~tions.
Simiiar]y,  the contmi  of the force is iwcfcrabiy accomi~iishc(i  in rcai time, but iterative, off-
line control may bc cmpioyc(i  as a stci~ping  stone. ) 1 f tbc force is not mcasure(i  ami
controllc(i,  the test is not considcrc(i  a force limi(cd  vibraticm test, an(i this handbook (iocs
not apply. l’his  distinction is important bccauw in tile past soInc have foun(i  it convenient
10 simuiatc  a force limitc(i  test all(i [hen 10 Llsc Ilw analyticitl  rcwlts (0 notch the accclcraticm
inix]t  ir]tllc test. rl`llesillllli:ltioll  zii)Jllo:iclli  sll(Jtl  `cco1ll1llcllClc(l  bccausc  mCawllcmCnt of the
force is consi[icre(i to be (11c essential cicmcnt  of the force iimiting  aitpmach.

‘1’hc han(ibook  is ai)plicab]c to ail force limitc~i  vibration tests of NASA flight har(iwatc
including Iauncb vchic]c ati(i  ;timafl cquiimcnt,  spacccrafl,  instruments, i~ll(icolll~)ollcllts.
Ilo\\'c\`ct  sirlcct}lc ~~Llrj)osc of forcclill]itir)  gisl()Illitig:itc  (llc cffccl of test item resonances
illttlc  \’ibr~itioI]  test, ti)ctccllr~icjllcis most useful forstl”L]ctll]c-lik  ccc] Lli])]~lcl~t  and fmftagilc
cquipnlcnt  such :is optics aIIcicmni)lcx itlstmlnents.

2.0 APPI.l[;AIII .li l)OCIJMliN’1’S

2.1 General.  ~'llca])~olic:iblc  (i()ctlIl~cl~ts  citc(iit~ti~is il:il](ibo[)k:i[cl  istc(ii tltlliss ccti[)I)()r~ly
forl"cfcrcI)cc.  r]`]lcsj)ccific(i  tccllllic:it  lcC]Llil`clll(: Ilts]istcCi  illt]lc  boCiyof tilisci()cLItIlcrlt  must
bc met whether  or not the SOLII’CC  ciocument is iistcci  in this scc(ion.

2.2 Govcmnlcrlt  (iQcllmcn&. ‘1’hc foi]owing,  Govcmmcnt  (iocLlmcnts  form a part of this_——  ——
(iocumcnt tothccxkmt  spccificd herein. Unlcssothcrwisc  spccifie(i,  the issuances in effect
on(iatcof  illvitatiorl  fort)  iCisorrcclLlcst  forl~lol>(~s:llss}l:ili  apply.

NASA - RI)- 1403 J kme 1,i mit c(i Vibration “1’cst
h40])~)~~ill)l],Mi]y  1997

NASA -GIJillIiI  .lNIiS-X XXX - I)ymimic Iinvimnmcnt
Gui[iclines,  Sci)tcmbei  1997
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NASA _ ~r]’])  _ 700]” I’;lyloild  Vit>roxwustic
‘1’cs~ (~ritcl-i;i,  June 21, 1996.

NASA - S’I’IJ  -7002” l)itylo:id  ‘1’cst  I{e(lLlil~’lllctlts,
July lo, 1996,

2.3 N(JI1-go\crt)Il]cIlt  pm”)]ica(ions.  ‘1’hc  foll{lwing documents a part of’ thi\  document to the
extent specified herein. LJnlcss othcwisc  spccil’ic(i, the issumccs  in cflcc[ on the dm of
invitation for bids or request for proposuls  shil  apply,

131akc  f{. 1;., “’1’hc N e e d  to <l~n(r(~l tllc {)LItpuI  Ii]]pcdw)cc  of Vibr;ition  and Shock
h4acllincs”,  Shock  and Vibration and Associa(cd  lirl\i[ol~ll~cll(s,  Bulletin  No. 23, 1954.

Salter, J. P., “’1’aming  the (icllcr:ll-I’LltiJcJsc  VibrNion  ‘1’cs[”, Shock  ;md Vibrtition  and
Associated Ill~\’ilt)lllllcllts,  Dullctin  No. 33, I’;lrl 1[1, Mwch  1964, pp. 21 i -217.

MLlrfln,  W. II., “l)Llal  Specifications in VillriILion  “1’csting” , Shock  and Vihrali(m Bulletin,
No. 38., Part 1, 1968, pp. 109-113.

Wada,  B. K. ,  Bamlord, R. ,  imd ~iarba,  J  A . , “I; quivi~lcnt  Spring-Mass Systcm: A
Physical IIltcrj>ret;itioll”,  .$hock  and Vibriition Hullctin,  No. 42, 1972, pp. 215-225.

%harton, ‘I’. ] ) . ,  ]]o:itmm>  ]). J . ,  and Kc[-[l, [). [,., “ l  )Ll:ll  ~~ontro]  Vibmtion ‘1’esting”,
Proceedings of 60111  Shock  and Vibration Symposium, Vol. IV, 1989, pp. 199-217.

Smallwod,  1). o . , “ATI  Analytical Study 01 a Vibmtitm ‘1’cst  h4ctlmd LJsing lixtrcmal
Omtml of Accclcration  :md l:orcc”, J’roccdit]gs  of lnstitutc  of  I;l)tilor)ll]c[lt;il  Scicnccs
35tl)  Annual  ‘J’echnicnl  h4ccting,  1989, pp. 203-271.

Schat[on,  1’. 1)., “Analysis of I)LMI ~kmtro]  J’ibr;ltion ‘1’csting”, Procccdings  of InslitLitc  of
Iit~\’irc~l~ll~cT~ti\l  Scicnccs  36tl~  Annual  ‘1’cchniciil  hlccling,  1990, pp. 140- 14(J.

Smallwood,  1). o . , “ 1  )cvcloplncnt  of the l:orcc I invclopc fo r  :in Accclcr:ltiollfl:O1ce
Ilxtrcnml Gntmllcd  Vilwation  ‘1’cst”,  l’mcccdings O f  61 S t  ShOCk :11)(1  VitJratioIl
Symposium, Vol. 1, 1990, pp. 95-104.

Scharton,  ‘1’. 1)., “f:orcc 1,imitcd Vibr:(tion ‘1’csting  Lit JI’I .“, l’rocccdings  of the lnstilLllc  of
litlvilc~[~[llc]lt:(l  Scicnccs  14th AcroslMcc ‘1’csting Scminm,  1993, pp. 241-251.

Schar(on,  l’. 1)., “Vibratiot~-rl’cs(  f  i~rcc 1.imits I)crivcd  from l~rc(ltici~c}-Sl)ift  h4cthod”,
AIAA Journal  of Spncccmft  :Llld Rockets, Vol. 2, NTO. 2, M:lrct) 1995, pp. 312-316.

Schwlcm,  ‘1’., IIalllfor(l,  R . , and llcndrickson,  J . , “l:orcc 1  .imitin:,  Rc.sc:irch  :md
l)cvclopmcnt  at Jf)l ,“, Sp:lcccraft and 1  ,;iunch Vchiclc  “1’cclmical  In fommticm  h4ccting,
A e r o s p a c e  ~orp., 1 >0S An~c’lcs,  CA,  JLI1lC 7, 1995.

Chang,  K. Y. aIld Sctlw”ton>  l’. 1)., “Vclific:itiot~ of ];oruc  and Accclcration  Specifications
for Random  Vibmtion  ‘1’csts  of Gssini Sp:~cccraft  IiqLlipnlcnt”, liSA/[’NI;S  (kmfcrencc  on
Spacecraft StrLlcturcs,  M:ltcrials, and h4cctmnicd ‘1’csting, Noordwilk,  NI,,  h4wch 27-29,
1996.

2.4 Ordcr  of prccc(lcllcc,  Wllcrc this docunwnt  is adop[cd or imposed I>y con(mct on a———- ..— —
program or pro~cct, the tcchnicat  gLiidclincs  of’ this document t:tkc prcccdctlcc,  in the c:iw of
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conflict, over  the technical guidelines cited in olhcr  rcfcwnccd  documents. ‘1’his handbook
dots not apply to payld programs approwxl  prior to tbc d:ttc of this document. Also, this
handbook  ciocs  n o t  dlrcss sillcty  considcriltitms  tht are c(J\rcrcd  thoroughly in other
documents;  but if a cmilict  arises, safety  shall dlw:~ys  tak prcccdcncc.  Tiothing  in this
documcn(,  howcvcl> supcrscdcs  a p p l i c a b l e  laws ad r e g u l a t i o n s  unless a spcci[ic

cxcmptim  basbccn  obtaimd.

3.() I)l;f;IN1’l’lONS

A{UC:I;l  .IiRANCl{--C:(JI~lI~  lcx frcsqucncy  responw function which is uitio ofaccclcmtion to
fol”cc

AC~Cl{l  .IiRNl’lC)N[)I:  C.Ci.--Accclcrtiti(~1]  {)fit)stiil]ti{l)cotls  ccntroid  of distributed masses
(equal to external force divided by to(:ll  Jnass, ii~~oldil~g  tc) Ncuton’s  2nd I Aw)

APPARIiN’1’  MASS--Complex frequency response function which is ratio of force to
aCCCIClilti OIl

CON’I’RO1, SYS’1’l;M--’IICIC  hiildwii~~  :IIK1  software  which provides means  for the test
oJlcrtitol’totr:illsl:itc vibration specifications inlo(hc  drive sign:d for the shaker

I)IXIGN  VliKll;lCA’I’JON  ‘l’}iSrl’--’J’cst  to scc if iis-blli!t  test-item can survive design lmids

IILJAI, CON’I”RO1 .--(kmtml  of botb force and vibration

I)YNAMIC  ABSORBIX--SII]:S  tuned to cxci(alim  frequency to provide rcactim force
which rc[lllccslllotio]~:it  att:~cbmcnt point

Iil:I:[lC’l”IVl;  MASS--  Masses  in mmlcl c o n s i s t i n g  o f  SIJI;S’S cmncctcd  in ~)il~iillcl to a
03111111011  btiSC, SO iiS tO ICplCSCIll  tllC illJ]liil’Cllt  lIl:iSS Of ii b2iSC d r i v e n  con(inuws  SyStCI1l.
‘]’hC S11111  of tbC  CffCCtiVC  Illodill  lIIWSCS C(]LlalS  (hC totill  llIWS.

IiX'l'Rl~MAl  .CC)N'llRC)I .--A sl]iikcl~~lltt(~  llcIillg~litt]ll]  b~isc~l~tl  c~llt~ol  Of tbc nuixinun
(cxtrcmc)  of a number  of inputs in cacb  frcqLlcncy control band

I;l.lCill~’ l.l Ml'l'S--lJcfirlitior~  of:lccclcl:ltiol]s( ~rf()lccs\vllicll  arc bclicvcdtobc  cqLMl to
tbc maximum flight environment, oflcn 1’(95/50)

l;C)RCI~I .IMlrl`l  NCi--Rc(iLtctiorl  c) ftllcrc:ictioll fc)rccs iIl:lvil)l`:itio]l  tcst(os]>ccific~l  values,
[lsll:llly  tottlcilltcrfitcc  fmccsprcdictcd  for flif,ht, plus adcsircd  nmrgin

lMI’IIIJAN(~ll--~ol~ll>  lcxfrcclllcllcy  response function which is ratio of force to velocity
qLlantitics  (Sometimes LlsCd  10 I’CfCl  tO r:ltio Of forCC to i~lly  motion  qllillltity.)

I.I;V1{I ,--l’cst  input m rcspmsc  in decibels (cIB), (ii; = 20 log amplitude = 10 log pmvc[

l.OAll--Vibration  test item

MARGIN--J:actor  to be multiplied times, or dccibcls  to be added  to, (be flight  limits to
obtain the test specification

NCTI’CI II NCi--Rc(lllctioll  of acceleration input spectrum in narrow frequency  bands,
usually where  test item has rcscmanccs
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Q{JA1  ,1’1’Y I:A(:l’OR--MCiiSLirC  of’ the amplification of the response  at rcson;incc,  cqLud to
the rccipmca]  of twice the critic;d  dwllping  I’iltio.

Q(JASI-Srl’Arl’lC;  ACX;f~I  .liRA’I’loN--(~ olllt)it~:ltic)ll”  of static  and low frc’qucncy loads itlto
atl equivalent static lwtd spccificd  lot  design purposes  :ts C:.G. :Iccclcr;l[it)n

Rl~SII)lJAl,  M A S S - -  Sum of  the  cffccti\rc l]~mscs 01 :Lll  the vibmtion  modes  with
rcson:mcc frcquc.ncics  fytxttcr  than the cxcitdti(~n  lm]LIcncy.

RI{ SPONSIi  1.IMI’I’I  N(;--  Reduction of input  nccclcr:ltion  to maint:lin  mc:isurcd rt’sponsc
at 01” bc]m$’ spcci fled V:ll LIC , LISLIdly m prcdictcd  101 flight plLls desired mwgin

S1 lAKIX-rl’hc  m a c h i n e  which  pmvidcs  vibmtory Im)[ion  to t h e  t e s t  itcln, Llwlally
elccll(J(lyll;iIllic,  in acmspace  tcs[ing ( call lIIS()  bc h~dI’illlliC  Or l’Otiil’J’)

‘1’l]RF~Ii A X I S  IDA]) ~:1~1,1  .--] kM’CC ~dgc \\rhich mcdsut. cs t h e  t h r e e  pcrpcndicLdar
components of force silllllltzi[lcc~llsly

SINGI,li IJIi(iRI;l;-C)I:-} :KIIIII)[)M  SYS’1’lihl  (S1)l:S) --Vibration model with onc mtiw

SO(JKCf;--”1’cst  itcm support structure which provides vibration  excitation infiight

SI’l;(~ll:l(’;Arl’JC)  NS--IJcfillitic)l}  of vibration quantity VC’MLIS frequency, usuiilly  ~lssoci:itcd
with programmatic requirements

l’Af’ ‘l’liSrl’--MciisLlrclllcllt  o f  appal”cnt  mass 01” accckrancc  b y  tqqling  on Strllcturc  w i t h

small rLIbhcr or pla$tic  tipped hammer which incorpor;ltcs  force tr:msduccr

TWO I) IiGRIif  ~-Of:-I:Rf  ~[ ~lX)k4 SYSrl’I ih4 (’l’l)l:S) -- Vitmi(ion  nmdc]  with two IMMCS

4.() GIiNI:RAI.  RFQUIRIiMfiNTS

4.1 ~ritcria  for I@r~.inliting. ‘1’hc puqmsr  t}f force lirlliting  is to rcducc the response of_—— ——— ——— —
the test itcm at its resonances on the StlilkC1’  in order to rcplicatc the response at the
comhincd  systcm resonances in the flighl  mounting  configLlration.  l;orcc limiting is most
uscfu] for structure.-likc test items which  exhibit distinct, lightly damped resonances on the
stlakcl’.  Examples arc Complete Spacecraft, c:mti]cvcrcd strLwtuws  like tclcscopcs  and
alltCl]ll:lS,  lightly d:llllpCd  assemblies sLICtl il~ Cold StagCs, fl”ilgilC cqltic;il  COlllpOIICIltS,  :111(1

equipment  wi th  ~mn(mncc(l  fulld:lmcntd  111(KICS  SUCh :1s :1 rigid Stl’LICtLII”C  wittl flexible feet.
‘1’hc wnoLmt of rc]icf  :ivailablc  from force limiting is greatest when the strLlctLu~ll  impedance
(cffcctivc  mass) of the test itcm is C(]llil]  to, 01 ~l”CiltCI  ttlm,  ttmt  of the nmmting  strLlctLlrc.
} 10wcvcr,  it is recommended ttmt notches dccpcr  [tlilll  14 d f] not bc implcmcn(cd  withmlt
appropri;itc  peer review. l;orcc limiting is most beneficial when the pcmiltics  of an artificial
test failure arc high. Sometimes this is af[er w] initii~l  test failure in a scrccning  type of test.

4.2.1 Piczo-electric I:orcc G;igcs. ‘1’hc usc of piczo-electric force ga~cs for force linliting  is
highly lCCO1lllllClldCd  OVC1 OttlC1 typCS O f  fO1’L’C  lllCllSllIClllC1lt  lllCilllS  SIICII :Is strain gagCS,
:11’llll\tLllC  CllllCllt.,  CtC. ‘J’hc advent o f  piczmclcctric, (lLl;ll’tZ  fOl”CC g:lgCS  htlS lll;ldC  thC
mcasLlrcmcnt  of f o r c e  in vi brdtion  t e s t s  :ilmost  m c o n v e n i e n t  and accLlratc as t h e
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mcasurcmcnt  of accclmtion. ‘1’he high dcgrcc of linearity, dynamic IaIIge, rigidity, and
st;lbility  c) fc]Llzlt[7, tll[lke  it atlcxcc.flcnt  t[t~lls(lllccrll]:ltcritil  forboth  accclmmctcrs and force
g~iges.  SiIllil:tIs ig[l:ll]  >I(Jccssit~g,cl  ]:[t-gc:t  t~llJlii'iels;ll  ](l\(~lt;lgc:l[  l]j>lificIs,~]l:  iybellsc(l  for
pie7(-electric form gages  :md :Iccclclc)lllc[c’Is.  ]Iow’ever, lherc arc scvcval iqmrtant
(Ii ffcrcnccs  between these two types of I]lc:mrcmcnt. l;otce  g:tges  must bc i n s e r t e d
bctwccn  (in smics wi(h)thc test itcn~ ml slmkcr :Ind the[-cforc  rquirc s p e c i a l  fixturing,
v'l]crc:\s:\ccclcrc) llletcrs ;irc~}l:icc(i  tllJc)Il ( inparallc]  with)thc  test itcm or shaker. ‘1’hc total
f()rcci[]to tl]etest  itc]llfIoIl~s  c\'cI:ilg~  lges~>l:lcccl:i  tc:icllst  ]:ikcI:it  (:icl]lllcI~tIt~  :lybc obt~iimd
by Sllllll]y LISillg ZllllIICti()Jl  t();l(l(i tilCC]l:ll`gCS  ~lCf()I`C tllCylll`C C()IlY'CI"tC(ltC)  vO][;lgC,  WhC~CZIS
t h e  OutpLlt Of several  accclcrwllcters  is typic~llly  averiigcd  r a t h e r  lhtm sLIIIIIIlcc1.  l:inally,
piczo-electr ic force gages  tend to put oLll mm chdrgc than picm-ckxtric  ;Iccclcmmcters
because the force gage crystiils cxpcricncc  higl]cr loading forces, so somctinws  i t  i s
ncccssary  to usc a chmgc  ;Ittctluator  before (Ilc charge wnplificr.

4 . 2 . 2  ];OICC  (h~C hck)ad. Pic70clectric  f’orcc gages  m u s t  bc prclo:idcd so that t h e-—— -...
tr:ills(lLlccr:il  \v:tyso~)cl:itcsill  compression. li:tving  a high prclotid  :md smooth transdLlccr
and mating Sill’filCCS minilni~,cs  S~\’C1’ilI comlmm  types Of gage nwasurcnlent  crrOrs, e.g.
bend ing nmmcnts being falsely sensed as tcl~si(~I~/cc~Il~  ~]rcssi(>I~. ltowcvcr,  using  n igh t
ll:il(l\\:ilc:lT  l(lfttstcllcrs,  itislls ll:illyitl  ljJ()ssit)lcto:  ictlic\cttlc  manufacturers rccwmmcndcd
~~rel(~:icl.  lil;~(l(litioll,  s(llllctilllcsit  isllcccss~ilyt  ott~lclc-offtlil  lls(lllcer”  prcload  and dynamic
Io:id,  particLdarly  lnomcnt,  carrying ctqxlbility. ‘1’hc two rcqLlircments  for selecting the
l]rcl(J:i(l:[rc  tll:itit  issllfficicllt  t[)lllcvclltt  ltll(Jll(lillg(  lllctot llc(ly1l:tlllic  forces :md moments
and that the m;tximum stress  on (he. trtmsduccw  dots not exceed  thilt  associated with the
l~l;irlllfiictlller’s  rcc[Jllllllcll(  lc(l m;wimLlm lwid cO1lfigLll:itiO1l.”

Transducer prcloading  is applied using athrtttdcd  bolt or stud which p:tsses through the
i[lsi(lc(li~tlllcterof  the transducer. With this installation, the bolt or stud acts to shunt  past
the transducer a sm:dl portion of any subsrqucntiy  applied lowl, thereby effectively
rtxiLlci  Ilg the trwlsdLwcr’s  sensi t ivi ty.  ~“alihmtion d:it:t ft}r (k i n s t a l l e d  lIansdLIcers  i s
a v a i l a b l e  fmIII Ihc II IiIIILI f:tCl LII’L’1”  i( tky :II”L’ installed with the Il);IIILIf:Ic(LI  rcl’s standard

]nolul(ing  h:w(iw:trc.  CXhcnvisc,  t h e  trans(]Llccrs Inlht bcc[ilibrated in sitL1.

4.2.3 l:orccG;~c~~ilibr~~tic~l}. ‘1’hc force gag,c  l~~i~l~LlfilCtlllC[  provides a nominal calibration
foreacb transducer, bLlt the sensitivity of inst:dk’d units must bc determined in situ, as
discussed in the Jmviolls  J)lllil~I’il}Jh.  ‘I’hi S mly bc :Iccomp]ishcd CithC1’  (]ll;iSi-St;itiC;  l]]y or
dynamicdly.  ~Jsit)g  ttlct~iil)s(lllccl  `l]lii[ltlfilct  Llt'Cl"'s  clliitgC  i\[t]j)llficls  itil(l  :t low noise c:iblC.,
thC tl:lllSdLICCIS  Will  }101(1  thCif’ ChillgC  fOI° SCVC1’:1]  tlOLllS, so it is possible to calibrate thcm
statically with weights m with a hydrautic  loading m~ichine.  It is rccommcndcd  that the
c:dibr:ition  bc pcrf~)rlllcd by loading the tI’illl SdLICCIS, Z,croillg  OLI[ the charge, and then
removing the lmid, in or(tcrtc)lllillillli7cttlc  tmsicnt  ovcrshmt.

‘Jihc simplest mcthml Of Calibl’iltillg  the tr:lnsducers  for a force limited vibration test is to
COIldLICt  il plClilllillZlly  10\V lCVCI SillC sWCCl~  01” l:llldO1ll  1“1111 :tlld tO CO1llll:llC ttlC allll;llCIlt
mass (ratio of total force in the stliIkC1” direction to the inpLlt  accclcration)  measured at
frcqucncics  mLlc}l lowerttm the first rcsondnce  frqLlcncy  with the total Imss of the test
item. ”]’ypicd]y  t h e  nlc:NLI1d f(wcc will be :~1~])1’OXillliitCly  ~()  to go cfiJ Of t h e  w e i g h t  in t h e

axial direction and 90 to 95°AJ of the weight in the lateral  directions, whc[e  the prcloading
bolts arc in bending riithcr  than in tension 01 comJ>rcssion.  Altcrn:ltcly, the calibr:ition
c o r r e c t i o n  faCtOr dllC tO thC trltllsdllCel’  ~~l”cl[)ildillg  b~lt ]Oild  l)ilth lll:ly  t)c CiltCLlliLtCd  b y
piiltitiOllillg  thC 10Zld  ttllOllgh  thC  tWO ]lilMllCl I(M(I  p:lths according tO their stiffness; thC
transducct  stiffness is provided by the m:m(lfacturcr, and the prclo:id bolt s t i f fness  in
tension and compression or bcmling  mLlst  bc c:llcul:itcd.
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4.2.4 ];OICC chgc cOlllblj@iL?!N It is rccwnmcndcd  (h:it t he  Iod lorcc in the sbaticr_—— —. —..
e x c i t a t i o n  dircctiozl  bc mcmurdd  in a force: litnitcd  vitmtion tcsl. ‘J’hc 101;11 10I’CC  fl”om  a

Ilumtwr  of gages in pwallcl  is readily obtiiincd  usin(’
Cllalgcs, and dlcrcfoI”c the fol”cc’s,

~ ii lLlllCtiOll  b o x  \vhich  SLIIn S [Ilc

bck)rc’  c(m(lilioning IIlc sigml wilt) a Cl];irgc  wnplifi cr.
Alliil(cI`Il;L( ilrcist(J s~lccify  lilllits {C)I'lllc f(Jl`cc:l(  illC]itriCill;ll  ii(t:ictllllcll( pOsitiOIls, but  this is
nOt rccOmIIKHKlcC1. Siucc vi bra(iw) tcsls m’ IlOrIN;Illy cOnLILIc(c(l  scqucl]lial]y  in t h r e e
]Icl’llell(liclll:ll’  Zixc’s, i t  i s  cxmvcnicnt  tO enlploy tri;wi;il fm.e trtins(lLuxrs. SOnwtinms i t  i s
ncccssary tO limit thccrOss-itxis  fw”ccdnd  ttlc rmmk.n(s in dlilion  to the ill-ilXi S force;  t h i s

is piuliculwly  the case in tests 0[ large ccccntric test items such as spacccrai’t.  I:or these
applications, the six fOl”L’c reslllt:lrlt  forces illl(l  nlorllcnts for :1 sing]c node lll:ly  bc llleasured
\vitb z~colllt>illtltioll,  UMlllUOIlly  lW’, oltriimi:ll  force tl:llNd LICC1”S id ii Volhgc  SLlllllllCI”.

4.2.5 AccclcromcIcI:s.  Accclcromctcrs  on the fixture m :ilso  rcqLlircd  in force limited
vibration tests itl Orcicr 10 colltrot the accclcmlion  inpLil [() Illc ;lCCCIC1”iltiO1l specification at
frcqucncics  other  than at tbc test itcm rcsml:mccs.  111 :Iddition,  it is often convenient  to usc a
limited number’ of accclcromctms  to Illcmurc [hc rcsponw  at critical  positions oll the test
itcm. ‘1’hcsc Icsponsc  accclcromctcrs  may bc used only for monitoring or, if jLlstificd  by
appropriate riitionalc, for response liluiting i[l wklitiml  to tbc force limiting.

4.3 I:ixtLlril~.  ‘1’hc prcfcrrcxl  method of configuring the force g:tgcs  is to sandwich  one————
.gagc bctwccn  the test itcm and cmlvcntion:lt test fixtLlrc  at cdch att:lcbmcnt  position and Llsc
fastcncts  which arc longer thm the convcntiol]id ones to accommod:ite  the height of the
gages. [n this configuration, there is no fixtLlrc  weight above the transducers ml tbc giigc
force is idcmticai  to the force into the test itclll. Sometimes tbc prcfcr[cd  approach is
impr:ictica],  c. g. if tbcrc arc too many attachment points or’ tbc at(acbmcnts  involve shczrr
pins  in addition to bolts. In tbcsc cases it Illay  bc nccesswy  to usc me or more wlaptcr’
plms to interface the transducers to the tc.st  itcn). ‘1’bc requirement is that the total wcigbt  of
the adapter plates above the force gages does [lot cxcccd  ten pcrccnt  of the weight of the test
i t e m .  ‘1’his  limi(a(ion  is ncccssary  bcc:iusc  tbc folce giigcs  Ica(l  tbc suIll  of the form rrquirul
tO accclcratc the itl(cr~tcc  plate imd dlat dclivcrcd  (0 the tcs[ itcm. 11- t he  f ix tu re  wcigbl
cxcccds  the 1 W% criterion, force limiting will only bc useful for the first one or two mdcs
itl each axis.  IJsc of a circuit to subttact  the intcrfilcc  pl:itc  force in rwl  time, is 110[
rccommcn(icd  bccimse of the errors tht result when tbc intcrf;ice pllitc is not I-igid. “1’hc usc
of armature current  to mcasm’ shaker  force is diso not gcncl”d[]y uscfu], bccallsc the wcigbt
of tbc armtturc and fixturing  typically ale IIlllct)  ~I”Cil(Cl  tbdll 10 % of tbdt of tllc  test ikm.

4.4 ]:OICC spccifi~~~(i~fls.  I;OICC  linli[s  arc :InalogOus  :in(l  cC)Ill~JlcIllcllt:ll”y  to thC accclcritticm————
specifications Llscd in conventional  vitll”:ition  tinting. Just :1s the :Iccc]cr:ltion  spccificatiml is
the frequency spcctrLlnl  cnvclopc  of tbc injlig]lt  accclcriition at the intcrf;ice  bctwccn  the test
itcm and Ilight mounting structure, the force Iimi( is the cnvclopc  of tbc in flig,ht force at tbc
intcrfacc.  III force limited vibration tests, both the accctcratim  and force spccifica[ions  arc
nccdcd,  and t h e  form spccificdim i s  proportional to the ilccclcration  spccifica(ion.
I’hcrcforc  force limit in_z Clot.>lK)Lm~2fllMl! c__A!!:_ .CXUQ!l ttlc dcwhpmlld -tic
accclcraticm  specification, e.g. llnduc conservatism or lack thcrcwf.  “1’bcsc  errors  will carry
over into the force spccificaticm. Since illfligllt  vitmtory  force data arc l:icking, force limits
:irc usually dcrivc~i  from coupled sys(cm wt:tlyscs  and impdmcc  information obt~lincr]
from mcasurcmcnts  or finite clcmcnt  models  (1 ‘llM ). l;ortuna(cl  y, cmsidmible  d:lt;i on the
intcrfacc  force bctwccn  splcccriift  and componcw(s arc bcconli ng awi lablc fmm sp:wccr:ift
acoustic tcs(s, atd semi-empirical methods of predicting force limits arc being dcwtopcd.

4 . 4 . 1  Ana~ytical  F o r c e  1.imls.  Amdytical IINX!CIS wlcl mctbods  of ~bt~~it~iw iIq~c~l~mcc_—-— -.
information to usc in these mmlcls we discussed in Scctioll 5.() IJctai!cd  Rcq L]ircmcnts.
llcrc,  tl~cgcllcr:il  re(jllirclllcllts for amdytical  force limits awdiscusscd. 1[ is required  tlmt
analytical nmdcls  used to prddict force limits take irlto account the resonant bchuvior  of both
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the SOLIICC (moLultillg  S(WCILI1”C)  and the Io:KI (test ilcln) :md thil( the nde]s i n c o r p o r a t e ”

impmhmcc  infornmtion, dii(ii 01 ];~ iM, 011 bo~ll lllC SOLII’CC  {Lll(]  [}IC ]()~1(]. ‘]’hf2 I I 1 O ( ] C ] S

discussc(l  in t h e  l)ct;~ikd  Rcquircmcnts  sccti(m  we t\\J()-clc:Icc-(  )f-fIeeLl()III  s y s t e m  (’1’1)13)
modc]s,  in which the collp]cd soL1l’cc and Ifuld  m’ each dcscribcd  by a siilgle  r e s o n a n t
I1l(KIC. 111  Illorc  Compkx m o d e l s ,  t h e  Solll’cc  and 10;1(1  muy h:ivc mimy mo(ks. 111 the C:ll’ly
st:~gcs  of :i program, bci’orc hmdwarc  exists, strc’ngth  of m:~tcri:lls  or fJ~M nmdc]s wc of(cn
LISCd to dctcrminc  thC Ill(di{l  ~lLll:\lllCtCIS  of” thC SOLI1”CC  iil)d l(~ild.  1 2 i t C l  in thC ~)1’()~[i~lll,
bCfOIC lhC Viblilti(Jll  tests Of night h:lld\\’al’t.’, it is l’CCollllllC1l(lCd  ttlil(  lhc lll(Atl parillnctcls
bc ll@iltC(l  wittl illlllCdilllCC  (Iiltil  lllC:lSLll’Cd  in tilp tC\ts  011 tilt nlounting  S1l’llCtlll’C  :tll(l  in thC
Shl~kC1  tCSt S Of (hC tCSt  itC’111. ‘]’hC CollplCd  SOIII’CC ~111(1  ]();ld lllO&_’lS :Ild C~Ct’CiSCd  \Vlth SOIllC
lCplCSC1l[:(ti  VC C~Cit:i(lO1l  (Jf lh~ SO\llCC, illld i] IL’ CIIVC]opC  (01”  ll~i~k \’il]LICS)  O f  thC illlCl”fiiCC
aCCC]CI’iltl  O1l a n d  illtCt’fi’lCC  fOI”CL’  fl’C(]LICIIC~  ICSpOIISC fLIIICti(~llS (l;KI;)  ZIIC CiilCLll~ltCd,
l>l”CfC1’iibl~  in one-third OCtil\’C  bill](ls.  f;illilllJ’,  ttlt 1’illio  Of tl)(?  intcrfdcc fOl”CC C[l\’ClOpC tc) thC
;iCCC]C1~l(iO1l  C1l VC]O1>C I S  Cd]cll]dtc’d  fl’olll  ttlC  II KKIC]  illl(] the  foI”C’C ]illlit  SpCCifi  Cilti OIl  ]S
calculated by mllltiplyillg  the cwnvcntioniil  :lCCCIC1’iltioll  spccific:ltion by this rtdio. (It is
CSsCllti:ll  [hilt thC [tLtio Of C1lVC]OpCS  0!’ pcL\ks,  l)(~t  of thC l:l~~:’S,  bc ClllCLlllltC(].)

4.4.2 ~Cllli-C1~)il’iCid  I;orcC_ 1 .imits. ‘J’}K’ illtC’l”ll:lti\’C  sctlli-ctl]j>itic:li  illl~lI’OilCh  to d e r i v i n g
force limits is bilW(l 011  the cxtrapola(ion  of inlcrfilcc  force (Iiltil  for  s imilar  mounting
slrLlctLll”c and tcsl itC1lls.  A gCllC1iil  fOllll for it SC1lli-Clll~?i  l’iCill  fol”CC lilllit  for SillC 01 tl’zmsiellt
tCStS  is fll)m “’1’illlliIl~  lhC (iCllCI”~lI-1’llI”lJOSC  VibliltiO1l  ‘1’Cst”:

1:, = ~; M,, A, (1 il)

\VhCK  ]:1 is ttlc iilllpli[Ll(lC  O f  ttlC fOI”CC ]illlit,  ~.’ is 11 fl”L’([llCllCy  &2pCIl[iCllt  CO[lS[i([lt  W h i c h

clepcn(ls on t h e  con figLlra(i(m,  M,, i s  t h e  total  IIIa\S  of t h e  I(MKI ( t e s t  itcm), atlci  A ,  i s  t h e

t\ Illl)lit  LldC O f  thC accclcmtion  SpCCifl  Cilti Oil. ‘1’hC foI’111 0 1 ’  11(].  1 ii iippl’Opli:ltC  fol” ~iiIl(lOIll
Vi bl”ilti[)n  (Csts is:

S,, = C2 M,,? SA,,

WhC1’C  S1 , is thC foI’CC S]JCCtli(l  dens i ty  i(lld  SA,i the accclcr:ltion  spectra! density.

A S sI1ow1] in “VeIificit(i(~I)  of f ‘01’cc  il~]d Accclcra(ion Spccificilt io~~s fol  f~:ln(lom Vibriition
‘1’ests of (~assini  S]XICCC1ilft liquiptncnt”, inkrfiicc  fo~c.~ (Iiitii  Il]cil\Lll~(l  b~twc~ll th~~~
il~stlLIIllcI~ts,c~ictl  weighing approximntcly  60 lb., and JI’1,’s (hssini  s~~ilCCcltlft  in acoLlstic
t e s t s  of the dcvclopmcl)( test nlodcl Spacccrilft  lit I’k]. lb with (~ CClllill  tO Lllli(y  at
fI'C(]LICIICiCS  Ll~Jt{) :ltl(iillC]ll(liIlg  ttlCfllll(i:lIllClltil]  lCSOIlilllCC  () fttlC tCSt itCIll:llldthCll  \\’ittl  ~~
l(>]!illg  off as O1lC  OVC1  fI”CqLICllCy  ill tlighcl” fl’cquctlcics. ][ iS I’C(]L~l’Cd to show Silllilllll(y

bct\\eC[~thc  SLlb;CC( htil”dV’iiIC  COIlfigLII’i~tiOI) ilil(l  thC lCfcl”CIICe  d:ita  C:ISC 01’ tojllstify  t h e
sculing  usd fOl:lIly  CXtl;llloli  ltioIl,”  in OldcI’to  use senli-cmpiricd  fOrcc.  l i m i t s .

o.o.~ ~~li~i~St:ltiC  ]>CS&I~VC~~fi~Q~lQ~l.’ ]’tlC qLlil\i-St:ltiC  (] CSigll OfilCI’OS~lilCCC  ollllloIICIltS  iS
Often based cm a specified iiCCCICl:ltiO1l of the cclltcr-of-gl:l\’ity (C?. G.) of the component.
Ilo\\re\cr,  the (;.(i. of a flcxib]c  body  is ii ~rirtu:{l  (not a rciil)  point an(l its accelcrdion

cilt~Il~t  bc :lccL]l”t~tc]y  me:twu’rd with :11) :iccelcl”oll)~’t~~  in ii vibrat ion test ,  piiltiCLllN]y  at
fI”C(]llCIICICS ilbO\’C  t}lCfLlll(]itIllCll(ii]  1’CSOIlitllCC. llOIL’CVCI”,  f;q, ]ii\\Jith  ~C(lLlii]  ~OUIli(ydlld

A,e(]Ll;ilt  ~tt~cCI.(;.  ilccelc]:itio]~  is NC\vtoI1’s  2[1(1 ];iw. ‘1’hLls  limiting the extcrn;tl  force to
the product of total ~ll:tss  titllcs  tllcclllitsi-stiitic(  lcsigll limi[,or some fraction thereof, is the
~CCOIm IICI)dCd  illctllo(l(  >f\’iili(liitl[lg  (lUli\i-StiitiC  designs it] \~ibliitior~  tests.



4.5 Cmtrol  Systcm . . Most of the c1lIIwIL gcncm(ioll of vlbr’lition test cxmtl”olk’rs  h:tvc tht’
two capabilities needed to implement force limiling. I:irst, (IIC controller  must bc cap:iblc  of
cxtrcmdl control ,  sometimes cal led m:lximum or pcwk con[m] by difi’cr~’nl  vclldors.  in
cx(rcmal  control, tbc largest 0! a set of sign:ils  is limited (0 the rcfcrcnce  spcctrLim.  (’1’his is
in contra\t  to tbe average control mode in which the a\’cIagc of’ a sc( of sigmls  is c(m]pmxl
to the [cl”crcnm  signal.) M(Mt COI1(IOIICM usd in ;lc]()\pilC~~  tcs[ing, labo]’ate] ics SUpp(~rL the
cxttcmd  cont ro l  mode. ‘1’hc second  capd>ility m]uittxl is that the cmtrollcr  must supporl
different rcfcrcncc  spectra for the rrsponsc  limiting ctmnncls,  so that the fore’c’ sign:ils  may
have limit criteria spccificd  :1s a func(icm of frequency. (Tontrollcrs  which suppor(  diikrcnt
reference spectra  for limit  channels wc now :Iv:iilhlc  from mosl venders and in ddition

upgmk  p a c k a g e s  arc avai]:h]c to K’lrofit SOIIK of (]K older colltrollcI”s for this C:tpabi!ity. lf
the controller dots no{ lmvc these capabilities, notching of the ;Iccelcra[ion  slwifimtion  to
l i m i t  t h e  mcasLIrcd  force to the force spccificatim must bc done manuaily in low Icvcl runs.

4.6 “1’cst  l’llilllli~.  ~~ollsi(lcr<iti(~  lls. Sevcnl  considcmtions  need (0 be add[cssed  in the test—-—
planning  if force limiting is to tw employed. I;irs(  the sire, number,  and av:iiliibili(y  of the
force transdLlccrs  n e e d  10 bc idc-ntificd  a s  w e l t  as my spfxial fix[uring  rquir~’mcnls  to
accommodate the t ransd uccrs.  Next, t hc :qqwoacb  for dcrivi~lg  and updating the force
specification needs to be dccidcd.  }:inally the control slratcgy, which in special cmes  m:iy
includccross-:ixis  force,  mmnrnt, individ Lull force, and response limiting in a(i(ii[ion  to or
in lieu of the i n - a x i s  force,  must b e  (ic-ci(ic(i  and wl-i[tcn into the test plan. in some
instances, tbcccmtml  str:itcgy will be limited by tbc contro] systemc  apabilitics.  111 all cases,
i( is rcconmmn(ic(i  thilt  the control strategy bc kept as simple as possible, in Or(icr’ to
cxpc(iitc tbc test ami to minimim  tbc possibility of mistakes.

5.0 I)IN’All,Iil)  IUiQUIKl:MtiNTS

5 . 1  lkxivation o~_l;orcc  [.itl]its. A s  t h e  f o r c e  lill~i(irlg (cchnology Il~il(llrCs,  tkre will_—— ———
cvclltli~\i  lybc:is  ~~l:iily  r~let}locls  [) f(icli\~i]]gf  orcelill)itsiis  there iire of deriving acceletution
spccificaticms.  I Icrcin several acceptable mctbcxis  m (icscribc(i.

l:OL’CC  SpCCt121  bitVC typic:tiiy  bCC1l  (iCVCIOpCLi  in onc-thir(i OC(il\TC’ bilrl(iS (SCC  CXillllj>lC in

SCCtiOIl 6.2),  bllt OthC1baIl(iWi(ithS,  C.g. OC[:l\rC 0 1 ’  OJIC-tCIl[h  (Ktil\’C  bi\ll(iS,  lll:ly  :1]S0 bc
USC(1.  JiOICC l i m i t i n g  lllilJ’ LISUiilly bc rrstrictcd  to 1111 Llppu’ flC(]LICIWy  encompassing
app~~)xillliitcly  the fltst ttlrCc  ]]] CXiCS in c~icll i~xis;  which migh( be itpp~~xill~iltCly  100 IIz f~]
a large spacecraft, 500 Ilz for all instrument, or 2000 IIz for a sm:ill  component. It is
important to take imo account that the test ilcm resonances on thC ShilkCl OCCLI1  at
col~si(lcr:tbly lligl]cr  frc(lllcIlcics  tlliil~ in fli~hl. ‘1’hcrcforc ci\I’e IllLlst b c  taken not 10 LX)]]  Off

tbc f~rcc spccificaticm  at a flCCILIC1lCy  10WCI’  tbilll  tbC fL[l](i:itl]c1](:Ii  lCsOlliillCC  011 the siI:ikcI’
aminot  to roll off the specification too stccpiy,  i.e. i( is rccommcn(ic(i  ttut( the roll-offs of
the force spcc[rLlm bclimi(c(i  tc):~l~lllOxill  ~:ltely9(  111/c)c(~i\’c.

5.1.1 ~implc ‘]’1)]~~. ‘1’hc silnil]c “I’wo-])cj:l”cC-of  -};l’CC(i(>lll  SySIClll (’l’l)l:S)  lllC(tlOd  of

(icriving force limits is cicscribe(i  in “Vibratiom’1’est  I:mcc 1 .imits  l)cri\’c(i  from I:rCqLICnCy -
Shift Mcttlc)ci’’. ’I’}lcb:isic  I~lo(lcl  iss}mwnin  l:igurc  1. ‘J’hc mcxicl  represents onc \’ibratior~
mode of the source  (system 1) couple(i with one vibration mmic of the lcmci  (system  2).
I:igurc 2 shows the ratio  of tbc illtC1fi\CC force spectral (icnsity S}, to the input acceleration
spectral (imsity  SAA, nmnaiizc(i by the ]oa(i  l~]itss  hll sqLIarc(i, as a func(ion of the mass
r:~tio  Mz/M1, c:tlcLll:itc(l  fror~lt  llcsirlll}lcr  J’J}l:S.  Wbcn  (his massratio is very smal],  there is
no force limiting effect; tbc force spcch’:il  cicnsity asymi>tote is the loa(i  mass hfll sciLIaIcd
tilllcs tllCi1l]>llt:tCCcler:iti0llsi)CCtl"~llcic1lsitytilllCstllCClll:llityfilctC)rQlsClLlillc(i.'I'tlC  ratio of
t h i s  a s y m p t o t i c  viilllc  of the force to the force limit itt Iargcr values of Mj/M1, is the



exl>cctc[l:illloLll)t  of notching, sometimes called the knock-down P,tctor,  wtwn the force is
]imitcd  to the force limit.  ‘i’hc fol”cc limit is vcl”y illscmi(ivc  to d;lmping at vaiLIcs  Of M2/N4,
~IC:i(CI” t}liiIlo.Q,[}Llt thCLlllllOtChd fO1’L’C SIXXtl”Lllll :lll(lttlCICfOIC  ttlC  llOtCh dC@llCSLlititlg
fmm  fwcc l imi t ing  wi l l  be pmportiowd  tc~ the llCtLlld qwility factor Q2 S(~lIill”C(i. ‘1’0 U S C
l;igurc 2, t h e  source  aI~ci 10:KI mmscs mLIst b c  dctcrmincd  fmln  fliM xt]:Ilyses  o r
IllCiiSLllCIllClltS ;I’+ :1 f u n c t i o n  of fl”cqllcncy. It is wcommcndcd  th:t[  ou t - th i rd  oc tave
frcqLwncy bands  bc utiliwd.  i n  t h e  simplr ‘l’lll;S method,  i t  is  rcmrnmcndcd  fo r
comerwitism  th:lt t h e s e  nltisscs bc takctl  ;Is tlw rcsidwil m:isscs lllthcr [11:111 the Ilmd;il
mmscs.  Appendix A gives thccquations  for r~.l)lic:[ting  the curves  in I:igurc 2.

5.1.2 ~;OI~~l>lq&:!~~)!:s.  ‘1’hCCOl@CX  ‘I’\\’o-i  )c’&[-cc-of-f:l’cc(!  {)Ill Systcm  (“l’l)l:S)  mcthodof
cieriving  lorcc  limits i s  01s0 dcscribcd  in “Vit>l~lliO1l-rl’cst  I:orc’c l<imils  l)crivcd  f r o m
l:lc(lllcIlcy-St~ift  h4ctlmd”. ‘1’hc comp]cx  ‘l’l)l;S  mmlcl is shown in I:igurc 3; it requires bottl
the mod:d (m) :ind the rcsidwil (M) masses ol’the source and load. ‘1’able 1 t:dml:itcs the
llorlll~~li~c(ir  ~itioofi  lltcrl”itcc  force spectral dcmsity  to input accclcrdtion spectral density for
a  c o m p l e x  3’1)1;S wi(h Q=20, w h i c h  i s  a good  nomin:ll va lue  for most pmctical
applications. It is rccommcmdcd (hat bo(h the simple and complex ‘l’l)l:S  models  bc used
and (hzit the li[l’~CI”  of ttlc  two c:~lculatiol~s  t3C Llscd in Cilch one-third octave frequency b:ind.
It wilt generally bc found  that the simple ‘l’l)l:S gives the ltll”gcr  result o f f  the ICuid
ICW11211CCS  :IIK]  thCCOHl]iCX  ‘J’l)liS  ttlC hlj+CI’lCSLl]t  lit ttlC 10MI l“CSOIlilIICCS.

5.1.3 Multi!~lc I)~!CS=gf-l;lcc(l(~lll  SJSJC.LIN. III gCllCMl, ii m u l t i p l e  CIc:,lcc-of-frcccio]ll
model of the source and 10:KI m:iybc  utilid  as in “At]All:ilytic;  ilStLl(lyo f:iVil>r:itioll  ‘1’cst
Method  Using  lixtrcmd Gntrol o f  Accclaation and force”. “1’hc 111(XIL’1 pal”mlckrs  are

determined from mod:d m:iw and rcson:mcc  fqucncy  information fmthc soLlrcc  and load.
‘Illcratiooftbc  intcrfiice  force enve lope  to the intcrfwe  accclcrdtion cnvclopc  stvwld  be
Cl,:illl:ltc(l  ~ls wit~l silllp]cl ll~{~dcls,  :~11(1 tl~c fol~.c jilllit  (Ic(crllli!lcd  by nlultip]ying this ratio
bytl~c:lcccler:itioI~  sl~ccific:iti()  llc~t}t:lil~c(i:is  il~cc)[~\'cl~tioI~  :il vibration tests.

5. 1.4 Allcmati~~ Mcthmis. JLIS(  :IS ttlCI’C  :II”C lllilll)~ WllyS.—. — of dcvcl(}~)ing acceleration
specifications, there will be many wuys of deriving force limits. 111 lime a data b:lsc of flight
and systcm test force d{itii and valklatcd  sell]i-c’ll~lliric~~l  methods will bc :tvailable, bu{ for
the present most force limits must bc dcri\’cd from amilytical  models  w i t h  strLlctural
ir~lj]c(l:t[lcc(l:it~~.  Although tl]cl]lctl](~(ls  rcc(~[~~l~~cl~cle(l  in this handbooh  arc preferred, other
methods may bc acccptab~e  if they arc rdtiond  :md rcsLllt in a desired nwl”gin  over flight.
C)Ile:iltcrll:~  ti\clllctllc)(l  istousc  thcblockcd  force, which isthc fmccthat the sourcewill
deliver 10 an inljnitc impcdancc  (Y.cro motion) Imid.  Unforlun:itely  for most systems, the
blockc(l forccis t(~(~l:ilgct  orcsLllti[~  mLIch liiniting  as shown  in “I:orcc limiting  Resc;irch
and Iknrclopmcnt  at JP1 .“. AllcJt[lcr  lllctllC~(l sLlitiitJlc  fol"lom' frc(lLlcllcy  tcstillg is to base the
force limit on the (;.G. acceleration from a lllzlss-tlccclcr:~tioll  type cLlr\c such Lis is
somctimesLlscd  fol~lLl:~si-sttltic  design. Scc Section 4.4.3.

5.2. _A~~!mrcnt  and Iiffectivc Mass. ‘1’hc frcque[lcy  r e sponse  fLtnction (l;R1:) which  is the
riitiC)  cJft~lc re~ictioIl  forcct(J:ill1)licCi:tccclcr:iticlrl:it  ttlcb:lsc  of:lstI”Llctlll’c  isc:l]]c(l “apparent
mass”. ‘1’hc iippwcnt mass is a complex impcdwlcc-like  quantity which lcftects  the m:iss,
stiffness, and damping characteristics of the stmcturc.  ‘Iihc modal models  rccommcndcd
llcrcitl  rcclLlircollly  t he “cffcctivc”  masses, which arc real clwmtitics  and therefore much
simpler.

5.2. I. ~ffcctive  Mass .conccp!. ‘1’hc col~ccpt  of  effective mass was introduced  in
“liquivalcnt  Spring-Mass System:  A Physical ll~tcrl>rct:iti[)ll”. Gnsidcl  the  duivc point
apparent  mass  of the model consisting of the set of sitlglc-(lcglcc-of  -i’rcc(lolll systems
(S1)IJS) connected in parallel to a rigid,  mawlcss  bust as shown in l:ig. 3, from “Vibratiom
‘1’cstl~orcc  l,imits  l)crivcd  froln I:rcqucncy-sllift  Mctllod”.  “1’hc  lnodal  contribution to ttlis



drive point apparent mass, (ii\’  i&d by the S1)l;S  frcqmmcy response factor, is c:dlcd the
cftcctivc  massof  that nlodc. ‘1’hc sun] of tllc’ ci’lkclivc  Illod:ll  IllilS\CS  is the total  mass of the
distribLltcd system. “]’tlC Sllm of thC CffLXtiVC  lllilSSC’S  of ttlC  IlloLiCs 1~’itb lCSOI1:IIICC

f r e q u e n c i e s  above the excitation  frequency is c’;IIILx1  the cfl’cctivc  wsi(lml  IIMW.  A p p e n d i x  1]
provides a more general definition of cffcctivc’ IIMW ;md a pr(mXlLiI-C for using  NAS’I’RAN
to Calcukite the effective nutsscs.

5 . 2 . 2  Stl:lkc~Mc;lsLlrclll&llt  _{)~l_.(J;ll~~_;  f[C_g!ll'L`_.Nq:lIs. ‘1’hc load cffcclivc  rcsidwl!  Imiw_—— —
sh[)Lll(]bc  IIICWLIIU!  w1(I  USC(] to ll]d:lte  thCCdkll]dtd  fol”cc ]illlits bcfol’c  Colldllctillg  :1 f o r c e

linlited vibrdion  t e s t  of f l i g h t  hwdwiirc, because  t h e  fol-cc linlits i n  both t h e  sitnplc A

complex-l’l)I:S lnodcls  :ltc~)lO1>C)ltiO1l:\l”  (0 the lo:ld cffcctivc  Icsidu:il  mnss.  li)rtunatc]y,  the
load e f f e c t i v e  rcsidLlal  mass  call  bc rc:idily mc:iwlmd  \vittl  a low lCVCI sine s w e e p ,  o r
random,  t e s t  rLln  when  thr lo:l(i  i s  molllltcd \vitl~ fC)rL”c g;lgcs on the SlliikC1’.  l;irst t h e
magnitwie  OfttlC drive point app:ll’cl]t  111:1ss,  IIIC l’ilti  OOft O(i Ll l’CilCti  C)ll force in tllc C~Ci[iltiO1l
dimclion  to t h e  input XTCICl”iltiOll, iS lllCilSLll’Cd.  ‘1’tlCll  ttli  S  ill)l)ill”CIlt  lllil\S  f’U[lCtioll iS

snlcdlc(i (d movi[?g  avcriigc in Ircqucncy)  to climinalc (1]c r(’son:ince peaks .  ‘1’he resulting
smooth  CL1l’VC, W h i c h  Illllst bc il dcCIC:lSiIlg  fllllction  o f  flC(]LIL’IICy  b y  ]:ostc  I”s thcorcl)l,  iS

t:~kc[l:~s  ttlccflcctivc  rcsi(ill:ll  lll~tss.  rl’llccffccti\’L’  llltlss  ft)l” CilCll  (liStiIlglliSl) ilt)lC  IllO(lC Illily

bcc\i~lll:]tc(lb  yc(]li~ltit)gt  l)~c()ll~sl)()I]  (litlg l)Ciik in [k ~i])lliit”~]lt  I]]il\scLlt”\’c totk  S11111  of
the residwil mass  and t h e  produc( o f  t h e  cffcctivc 111ilS5 t i m e s  ttlC  (Ill;ility  filCtOl”  Q,
determined ftc)lll lltilf-IJ()\\crl  o:ill(l\\’i(ltll  Of tbC lJCilk.

5.2.3 ~l”~!)’]’CSt h4C:lSLl1’CIlleIl!<lf s~)llJ:cc lill&(i\’Ch4i~s_s. ‘1’hc soLircc  effective rcsidwll m;iw
is clctcrminccl  in a similar mwlncr  by smoothing the I: R1:’s  of tk lllilgtlitll(lC Of lhc dri\’c

~>0iIlt:l13[3211’ellt  ll"l:iss  OftilCsOLllCC,  \\'llicll:ll"C lllC:lsll['~`(l  \!'ittl illll()([:il  h:lInllKl”  incqlor:lting

a f o r c e  gage.  ‘1’hc  Illcasllrclllcn(s  i n v o l v e  tapping  N I“C}lI’L’SCtltilt  i\’C pOsiti Oils  Wllcrc t h e  10dd

a t t a c h e s  ;II]CI cOnlpltin,g  the l~Rl: O f  t h e  rdio of t h e  f o r c e  to t h e  accclcr:iti On, which i s

I1lCWLIIC(l w i t h  :11) :ICCCIC1”OIIK(CI  IlloLllltC(l  tc]llpOwily  011 tk sOLllCC  structure  IICiLf’  tllc
bammcr  i m p a c t  pOint.  (’1’hc lmd nlllst not lI()\vcvcI  bc :l~t:lChd  to thC SOLI1’CC  StlUCtLll”  L ?

dllring  ttlcsc lnciisllI’cIncI its.) ~OIllc jdgnlcnt  i s  il)volvcd  in colllbilling  ttw ill)l)Nl”CIlt

1112iSSCS  Il)C:lSLllCd  ;It IllLl]tlpjC  lit(ilClllllCll(  poilltS tO Obtillll :1 sirlglc-llo[lc  [ll(dcl o f  thr
effective mass.  At low frcqucncics,  c;lch  point yields tt]c toti~l Il]ass, NIIICSS  )Otil(i[J1lS  :lI”C
intto(luce(l.  At high frqucncies, t h e  il~)I)ill”CIlt  lll:ISSCS  frol]l m u l t i p l e  points shOLll(i bC
added,  usLMlly by iiddir~g the SLIm of the squ:irc’s.  Also whc~) calculating  or mc:lsuring the
a]l~l:ll~llt  Ill Z\SS Of lt lllOlllltillg  Stl”llCtlll”C, i t  is llllJX)l”(illlt  to (iCCi~]C  tlO\$r IllllCh  of  tt)C ii(llilCCIlt

strLlcture  it is necessary to consider. It is ncccssmy  to include only enougtl  of the nm;lnting
strLlcturc  so ttmt the scmrcc effcctivc  modal ttnd rc’sidu;ll  mawcs :UC accurately reprc.wntcd
in ttlc  frequency range  of the loxi wson:lnces.

6.1 R e d u c t i o n  of A4c:111-S.!41K111 .!LC3?OI)S:  J)L!c 10 h!~x!ling, lt is OftC1l  illlp~~l’ti~llt  t{) knOW
how mLlctl  the Illcall-square response, or force.  will be Ic(iLlccC]  whcll  a l“CSOIliltlCe  is limitc(l
tO SOIIIC viilllc.  1.il~~itirlg  ii ICSpOI~SC ICSOII:IIICC  to thC ~lcitk s~~cCtIiil density d i v i d e d  b y  tk
factor A s(juarc(l, results in a notch of kpth A s(juarc(l in the it~pLlt  spectral density ;It the
lCS~X311SC l’CSOIlilllCC fl”C(]llC1lCy. “1’hc w(luction  in [-c.sponse wsLllting  1’1 onl notching is
considerably lCSS tt~;ill  thilt associated with lCdLlci[~g  the inpLlt spcctud  density at all
frcqLlcncics,  in which case the wsponsc  is rtxlllccd  ])l”()])()lti(~  Ilillly. “Ihc rcducticm  in IncdII-

sqLI:Itc response of a S1)l:S rcsu]ting  from notching ttw input dll = 20 log A at the response
resonance frequency is shown in l(ig. 4, froln “l; orcc I .imiling  Research  iiml Ikvclopmcnl
at J])] .“.

1()
!



—— intcrfacc  accclcra[  ion
= t~:isc:iccelcl~lti(~ll
= flcciiccclcrLi[ioIl(  Ji’soLllcc
–  

accclcrati  On spccificatim]—

=: Clashpot cOnstarlt
= Constant
-.-. itltcrfacc fOrcc
=: force specification m limit
❑ : spring stiffness
=: physical stiffness lnatrix
==tc)tal  mass
= rcsidwd  mass
-.-. moclal  111<1ss

:= :~J>}X\lCllt IU:ISS,  l:/A
=physic:il  massmatrix
= modal  massmti(rix
–{lyll:illlic  allll>lific:ltioll  factor—
– ziccclcration  spcctritl  density—
= force spcclral  density
= absolu(c displaccmcn(s
= gcncrali~.c(i  modal displacclncnt

= 1110(1C Shape

= radian frequency

= natural frcq Llcllcy of Llllc(JLIJ~lc(l  oscilliit(~r

Subscripts

1 = scmrcc oscillator
2 = load oscillator
F = unrestrained (free)
P = prescribed
N =modal Set
R = rigid body set
n = sing]c mode
p = reaction force direction
q = prescribed acceleration direction
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HGURH  1. Simple T1)FS  Of ~c~upled  oscillators
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TABLES  1, Normalized Force Spectrum for Complex TDFS  with Q=20
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‘1’bc lorce limit  i s  cdlcliiatcd  f o r  (hc ‘l’l)f;S in fig. i will]  diffclcrlt rn:iwcs o f  tbc s(mrm
:in(i tbe loiid osci l lators .  l;O1 ibis “1’1 )f ‘.S, tbc Indximun]  irspo Ilsc of the lwd imd tlwrcforc
tbc m a x i m u m  inhxfiice  force occlir  wbcn the  LIIICOLIplCd  ICSOIUIIKC  frcqlicncy  of the lwid
equals that of tbc source. I:(Jr this cwx, tbc ctlw:ic(cristic cqu:ition is that 0( a cl:lssical
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((!)/(!),,)’ = 1+ (nl,/111, )/2 2 [(m,hl, ) -t (11),/111,  )’/4)] [’ ‘ ( A l )

w h e r e  (0,, is tbc n:ltuml firqucncy of OIIC of (bc u n c o u p l e d  oscill;itors,  m, is tbc miss of tbc
SOLIICC  oscill:i[m, 1111(1  m2 is the n];iss of the load oscillator in I;ig. 1. ‘1’bc riitio of Ibc
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W h e r e  $N arc IloIIllill mmics  ill)(l  @K al’C I-igi(i  i)(xiy  Illdc’s wociatc(i  with ii killcmdtic  sCt 01
unit pirscribcd motions, Im(i lJ~ i s  tbC g~l~clilii~~(l I)lo(liil ~~’li(ti\’C (ii\plilCcl]]cI~~  ;III(i lJ1, i s
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yicl(is:

i5



7
. _

II
—l—

L

—l—

II
=--

--.
+
G
T _

—f_

fi; -
-1-

-l_

II

-;--- , _-11

--------
Zg,;g----

-“.



v-aim.
C45

w
,7474 [ 214 43 I 435

39?04 [ 61746  980
,

,0000 00

I , *O
,0

;-h
‘~

1

I

I

I

I

,00

WW, 12’’;  ’’,1.

*’

.

, 000 ,000,

I Fr.qu...v  [Hz]

I I I I ,,
.~

17



7. PERFORMING ORGANIZATION NAMEISJ  ANO AOORESSfESJ

8 PERFORMING ORGANIZATION

Jet Propulsion Laboratory
California  institute  OfTechnO/Ogy

FIEF’•  NUMBER
48000ak Grove Drive
Pasadena, CA 91109-8099

9. s PONSORING  1 MONITORING AGENCY NAME(c.)  ANo AooREss(Es)

10. .s PONSORING  1 MONIT ORING

National Aeronautics and Space Administration

AGENCY REPORT NUMBER
Washington, DC 20546-0001

F
13. A BS TRACT /Maxtim  2@j w’ord~]

~d
T h e  practice  of limiting  the  shaker  force,  in v ib ra t ion  t e s t s  w a s  i n s t i g a t e d  at t he
NASA Jet p r-opulsion  Laboratory  (JPL) in 1990 after t~le mec~lanical failure of an

I .

a e r o s p a c e  compollent  durirlg  a v i b r a t i o n  test.

Now force  l imi t ing  is used  in almost
every major vibration test at JP1, and in many vibrat ion tests at NASA Goddard  Space
F l igh t  Cen te r  (GSFC) and at m a n y  a e r o s p a c e  corltractors.

Ttle basic ideas behind force

l imi t ing  have  been  in the l i t e ra tu re  fo r  severa l  d e c a d e s ,

bu t  t he  piezo-electric

force trar~sducers necessary to conven ien t ly  implement  fo rce  linliting  have been

available only  in t h e  last d e c a d e .  In 1993 f d

9
A

un ing was obtained from the NASA
headquarters Office of Chief Erlgineer  to deve lop  and  document  the t echno logy  needed
to es t ab l i sh  fo rce  l imi t ed  v ib ra t ion  t e s t ing  as a s t a n d a r d  a p p r o a c h  a v a i l a b l e  t o
all NASA centers and aerospace contractors .

This  monograph  i s  tllc final  report on
tha t  e f fo r t  and  disctlsses  t h e  h i s t o r y ,

theory,  and applicat ions of  the method i n
some detai].

f
14 SUEIJECT  TE R MS

Force  l imi t ing ;  Vib ra t ion
;  V i b r a t i o n  testi~lg.  Impedance.Random  vibration;  Response  limiting;  Force t’~ansducers.’

Notching
11417 SECURITV C L A S S I F I C A T I O N

OF  RE P O R T 9 16.  PRICE CCICIE
18. SECURITV C L A S S I F I C A T I O N

OF THIS PAGE 19. SECURITY CLAS SIFICATION

20. LIMITATION OF A8STRACT- UnClaSSjfjed
‘sN 75Q01.2EG55M

OF  A B ST R A C T

LJnClasSifjed
lJnClasSifjed

JF’L- 2659  4 /9 6  FF, Unlimited
“andOrdF  0rm298(RaV,  2.89,
‘i”u’ti~tIv  ANs,  s,d zag  ,a

I
29.9 !0>


